Development of a Portable and Selective Volatile Organic Compound Analyzer Based on an Enhanced Microchip Gas Chromatograph. by Mainga, Aaron Meleki
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1992
Development of a Portable and Selective Volatile
Organic Compound Analyzer Based on an
Enhanced Microchip Gas Chromatograph.
Aaron Meleki Mainga
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Mainga, Aaron Meleki, "Development of a Portable and Selective Volatile Organic Compound Analyzer Based on an Enhanced
Microchip Gas Chromatograph." (1992). LSU Historical Dissertations and Theses. 5333.
https://digitalcommons.lsu.edu/gradschool_disstheses/5333
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order.
University Microfilms International 
A Bell & Howell Information C om pany  
300  North Z eeb  R oad. Ann Arbor. Ml 48106-1346 USA 
313/761-4700 800 /521-0600
O rder N u m b er  9301081
D evelopm ent of a  po rtab le  an d  selective volatile organic 
com pound analyzer based  on an  enhanced m icrochip gas 
ch rom atograph
Mainga, Aaron Meleki, Ph.D.
The Louisiana State University and Agricultural and Mechanical Col., 1992
300 N. Zeeb Rd.
Ann Arbor, MI 48106
DEVELOPMENT OF A PORTABLE AND SELECTIVE VOLATILE 
ORGANIC COMPOUND ANALYZER BASED ON AN ENHANCED 
M ICROCHIP GAS CHROM ATOGRAPH
A Dissertation
Submitted to the G raduate Faculty of the 
Louisiana S tate University and 
Agricultural and M echanical College 
in partial fulfillment of the 
requirem ents for the degree  of 
Doctor of Philosophy
in
The Departm ent of Chemistry
by
Aaron Meleki Mainga 
B. Sc. with Education, University of Zambia, 1978 
M. Sc. in Chemistry, University of Zambia, 1984 
May 1992
A C K N O W L E D G E M E N T S
In achieving this goal, I would like to first and foremost acknowledge 
that it w as only possible through the constant love and care that my parents 
afforded me. Without their support, I would not be where I am today. It is to 
them that this work is dedicated.
I would like to express my sincere appreciation and gratitude to my 
major professor Dr. Edward B. Overton, for providing m e the resources, 
guidance, support, friendship and encouragem ent throughout the course of my 
studies and research at LSU. A great deal of my research I owe directly to him.
My gratitude is also extended to the United S tates Information Agency 
for affording me a  Fulbright grant and the Institute of International Education for 
administering the Scholarship.
My friends and colleagues at LSU have been a trem endous a sse t over 
the past four and a half years. I would especially like to thank Hettihewage P. 
D harm asena and Charles F. Steele for their valuable support regarding 
electronic and software development to support this project. Finally all the 
other workers of the LSU Institute for Environmental Studies for their 
worthwhile contributions.
Finally, my special thanks go to my dear wife Esnati Aliness Mainga for 
her encouragem ent, company and friendship throughout the long and difficult 
hours of graduate school. It is you that m akes this all worth it, and it is you that 
gives my life meaning and happiness.
TA B LE O F C O N TEN TS
Acknowledgem ents......................................................................................................  ii
Table of C on ten ts..........................................................................................................iii
List of T ab les .................................................................................................................. ix
List of F igures................................................................................................................ xv
List of Symbols and Abbreviations..............................................................................xxv
A bstract.......................................................................................................................... xxvii
C hapter 1: A Re-evaluation of the Model M200 Microchip G as
Chrom atograph..................................................................................  1
1.1 Introduction............................................................................................ 2
1.2 Characteristics of On-site Analysis Instrum ents......................... 4
1.2.1 Hand-held Instrum ents........................................................  5
1.2.2 Transportable Instrum ents..................................................  6
1.2.3 Mobile Laboratories............................................................... 7
1.3 Literature Review .................................................................................. 9
1.4 Materials and M ethods.......................................................................  11
1.4.1 Technical Description of the Model M200
Microchip G as C hrom atograph.......................................... 11
1.4.2 G as Chromatographic S y s tem .........................................  14
1.4.3 Description of the Injection System  for the
Microchip G as C hrom atograph.......................................... 18
1.4.4 Preparation of Volatile Organic Com pound 
S tan d ard s ...............................................................................  22
1.4.5 M easurem ent of Column Efficiency................................. 23
1.5 Results and D iscussion......................................................................... 25
i i i
40
42
43
45
45
46
46
46
47
49
49
50
50
50
51
51
54
59
61
64
66
Summary and Conclusions
Tem perature - Programming with a  Microchip G as
Chromatograph.................................................................
Introduction.........................................................................
Materials and M ethods....................................................
2.2.1 Firmware C hanges..............................................
2.2.2 Hardware C h an g es..............................................
1. P rocessor..................................................
2. Column H eater.........................................
2.2.3 Description of Temperature Program m ing. . .
1. Initial Tem perature....................................
2. Final Tem perature....................................
3. Temperature Programming R a te ..........
4. Temperature Programming Delay
5. Isothermal O peration...............................
Results and Discussion....................................................
2.3.1 Temperature Control............................................
2.3.2 Reproducibility........................................................
2.3.3 Advantages of Fast Temperature- 
Programming ........................................................
2.3.4 M easurem ent of Separation Number
and Resolution......................................................
Summary and Conclusions.............................................
Sam ple Concentration Techniques with a  Working 
Microchip G as Chromatographic Setup.......................
i v
3.1 Introduction..........................................................................................  67
3.2 Materials and M ethods......................................................................  69
Working Michrochip G as Chrom atographic System
S e tu p ...................................................................................................  69
3.2.1 On-Column Cryogenic Trapping at the Head of the 
Analytical Colum n................................................................  72
3.2.2 On-Line Cryogenic Trapping on a  S tainless Steel 
Tube Situated Between the Switch Valve on the 
Manifold and the Sam ple Loop on the Solid-State 
Injector....................................................................................... 76
3.2.3 On-Line Concentration with a Micro Tenax-GC
Trap..........................................................................................  80
3.2.4 Flow Characteristics of the M200 Solid-State
Injector with and Without a  Tenax-GC Microtrap . . . .  83
3.2.5 Effect of Increasing the Injection Delay
Time or Increasing the Sam ple Loop Pressuring 
Time on the Detector R esponse (M easured in 
Terms of Peak Area)................................................................84
3.2.6 Increasing the Injection P ressure at a  Constant 
Column Head Pressure........................................................  84
3.2.7 Interfacing the Model M200 Microchip G as 
Chromatograph to an Ambient Air FID D etec to r 87
3.3 Results and Discussion.......................................................................90
3.3.1 On-Column Cryogenic Trapping at the
Head of the Analytical Column..............................................90
3.3.2 On-Line Cryogenic Trapping on a  Stainless Steel 
Tube Situated Between the Switch Valve on the
v
Manifold and  the Sam ple Loop on the Solid-S tate 
Injector........................................................................................... 91
3.3.3 On-Line C oncentration with a  Micro Tenax-G C
Trap............................................................................................. 95
3.3.3.1 Concentration of S om e Normal
H ydrocarbons on a  4.0 cm
Tenax-GC M icrotrap................................... 95
3.3 .3 .2  Concentration of S om e Volatile
Organic C om pounds on a  4.0 cm 
Tenax-GC M icrotrap................................... 9 9
3.3.4 Flow Characteristics of the  M200 Solid-State
Injector with and  Without an On-line M icrotrap 101
3.3 .5  Effect of Increasing the Injection Delay Time or 
Increasing the  Sam ple Loop P ressuring  Tim e 
on the  D etector R esp o n se  (M easured in
Term s of Peak Area)............................................................... 105
3.3 .6  Increasing the  Injection P ressu re  Independent
of the Column H ead P re s s u re ............................................  108
3.3.6.1 Increasing the  Injection P ressu re
Independent of the  Column H ead 
P ressu re  on the Microchip G C ....................108
3.3.6.2 Increasing the Injection P ressu re
Independent of the  Column H ead 
P ressu re  on the  Model M200 G as 
C hrom atograph............................................  113
3.3 .7  Interfacing the Model M200 Microchip G as 
Chrom atograph to an FID Detector.................................... 116
v i
3.4 Summary and Conclusions. 119
C hapter 4: Development of an On-Line Concentrating Microchip G as
Chromatograph (Microsensor Gas A nalyzer)...............................120
4.1 Introduction.............................................................................................121
4.2 Materials and Methods......................................................................  125
4.2.1 G as Chromatographic System........................................... 125
4.2.2 Construction of Microtraps.................................................  125
4.2.3 Microchip G as Chromatograph System  Hardware 
Modification for Trap Temperature C ontrol................... 130
4.2.4 Trap Temperature Setting P rocedure ............................ 133
4.2.5 Software Modification.......................................................... 134
4.3 Results and Discussion....................................................................... 139
4.3.1 Installed Trap Power and Flow-rate
Characteristics.....................................................................  139
4.3.2 Sam ple Injection Perform ance of the Model M200 
Microchip G as Chromatograph with and Without an 
On-line Microtrap.................................................................  145
4.3.3 Concentration of n-Alkanes with an On-line 
Adsorbent Microtrap in a Model M200 Microchip G as 
Chromatograph.................................................................... 148
4.3.4 Separation and Concentration of the
Krug Mixture.........................................................................  163
4.3.5 Determination of Vent Time During On-line 
Concentration of the Krug Sam ple Mixture
with a  Dual Bed Microtrap.................................................  167
4.3.6 Dual Bed Microtrap Breakthrough Volumes for the
v ii
Krug Mixture............................................................................  171
4 .3 .7  Concentration F ac to rs ............................................................174
4 .3 .8  Detection Limits for the  Krug Sam ple M ixture  176
4 .3 .9  Detection Limit and  Separation  Com parison 
Betw een a  0.1 mm i.d. x 0.4 pm thick OV-73 
and a  0.15 pm i.d. x 1.2 pm Thick OV-1
Capillary C olum n..................................................................... 180
4.4  Sum m ary and C onclusions..............................................................  184
R eferen ces ......................................................................................................... 186
Appendix: Practical Considerations and H in ts ...................................................... 193
V ita....................................................................................................................................  2 0 7
v i i i
LIST OF TABLES
Table 1.1: Characteristics of on-site analysis instrum ents.........................  8
Table 1.2: Average Golay plot data for a DB-5 capillary.column with
helium as  carrier g a s ........................................................................... 27
Table 1.3: Average Golay plot data for a DB-1701 capillary column
with helium as  carrier g a s ...................................................................27
Table 1.4: Average Golay plot data for a DB-5 capillary column with
hydrogen as carrier g a s ...................................................................  29
Table 1.5: Average Golay plot data for a DB-1701 capillary column
with hydrogen a s  carrier g a s ..........................................................  29
Table 1.6: Retention time reproducibility of a  model M200 gas
analyzerat an isothermal column tem perature of 40° 
and an injection time of 200 m s at a  column head 
pressure of 20 psi helium ....................................................................32
Table 1.7: P eak  a rea  reproducibility of a model M200 microchip gas
chrom atograph at an isothermal column tem perature of 
40° C and an injection time of 200 ms. at a  column head  
pressure of 20 psi helium.................................................................  32
Table 1.8: O bserved  da ta  for the effect of tem perature on retention
time using an OV-73 capillary column opera ted  a t a  
helium carrier g a s  pressure of 20 p s i ............................................... 3 6
T able 1.9: O bserved  d a ta  for the  effect of tem perature on retention
time using an OV-1701 capillary column opera ted  a t a  
helium carrier g a s  pressure of 20 p s i ............................................... 3 8
T able 2.1: Reproducibility of tem perature-program m ed retention
tim es on an M200 OV-73 capillary colum n.................................  5 6
Table 2.2: Reproducibility of tem perature-program m ed retention
tim es on an M200 OV-1701 capillary co lu m n ............................... 56
Table 2.3: Reproducibility of tem perature-program m ed retention
tim es on M200 OV-73 and OV-1701 capillary colum ns 
with an a ly ses  sep ara ted  by 20 m inutes, using M2001 
software (n = 3 ) ...............................  57
T able 2.4: Reproducibility of tem perature-program m ed retention
tim es on an M200 OV-73 capillary column with column 
oven partially open and  cooled by a  fan after the  
analysis, using M2001 software (n = 3 ) ........................................... 57
T able 2.5: Reproducibility of tem perature-program m ed peak
a re a s  on an  M200 OV-73 capillary column using M2001 
softw are.................................................................................................. 5 8
x
Table 2.6: Reproducibility of tem perature-program m ed peak
a reas  on an M200 OV-1701 capillary column using 
M2001 softw are.................................................................................  58
Table 2.7: Effect of microchip GC tem perature-program m ing on the
retention time and peak a r e a ............................................................. 59
Table 2.8: Comparison of separation num ber (TZ) and resolution (R)
betw een an isothermal and tem perature-program m ed 
analysis on an OV-73 capillary column (n = 4 ) ......................... 62
Table 2.9: Comparison of separation num ber (TZ) and resolution (R)
betw een an isothermal and  tem perature-program m ed 
analysis on an OV-1701 capillary column (n = 4 ) ...................... 63
Table 3.1: Detector response before and after on-column cryogenic
trapping using a  1 ppmv benzene standard (n = 3 ) ....................91
Table 3.2: Detector response before cryogenic trapp ing ...........................  92
Table 3.3: Detector response after cryogenic trapp ing ...............................  92
Table 3.4: Detector response before concentration with a
Tenax-GC tra p ...................................................................................  96
Table 3.5: Detector response after concentrating 5 mL on a
Tenax-GC tra p ...................................................................................  96
x i
Table 3.6: D etector resp o n se  for unconcentrated  1 ppmv voc
sam p le ....................................................................................................  99
T able 3.7: Detector resp o n se  after concentrating 5 mL x 1.0 ppmv
sa m p le ....................................................................................................  100
T able 3.8: Flow characteristics of the  microchip g a s  chrom atograph
system  without a  microtrap on-line.................................................  102
T able 3.9: Flow characteristics of the  microchip g a s  chrom atograph
system  with a  microtrap on-line ........................................................103
T able 3.10: A verage helium flowrate through the m icrotrap a s
pressure is in c re a sed .........................................................................  103
T able 3.11: Effect of increasing the injection delay time on the
detector re sp o n se ...............................................................................  106
T able 3.12: Increasing th e  injection p ressu re  at a  constant column 
hydrogen p ressu re  of 20 psi (direct injection to a  FID, 
no analytical column) (n = 5 ) ............................................................  109
T able 3.13: Effect of varying the injection p ressu re  on the  detecto r 
re sp o n se  at a  constan t column helium head  p ressu re  
of 30 psi (n = 3 ) .....................................................................................  111
x i i
Table 3.14: Correlation of com bined hydrogen flowrate from the 
analytical and  reference colum ns with head  p ressu re  
(n = 3 )....................................................................................................  116
Table 4.1: Trap resistance and tem perature calculation for
channel A (OV-73) m icrotrap...........................................................  139
Table 4.2: Trap resistance and tem perature calculation for
channel B (OV-1701) m icrotrap..........................................................140
Table 4.3: Sam ple suction through traps A and B in milliliters
per minute using a  12V dc m em brane diaphragm  
vacuum  pump (Type NMP 30 KNDC, KNF, N euberger,
Inc., Princeton, NJ, U SA ).................................................................  141
Table 4.4: Pow er fluctuations during the M200 operation using
a 12 volt dc x 2 am p output power su p p ly .................................. 142
Table 4.5: Pow er fluctuations during the M200 operation using
a 15 volt dc x 6.6 am p output power su p p ly .............................  142
Table 4.6: P eak  a re a s  without an on-line microtrap using a
sampling time of 5 s  and a  column head  p ressu re  
of 20 psi..................................................................................................... 146
x i i i
Table 4.7: P eak  a re a s  with an  on-line m icrotrap in place, using
a sam pling time of 5 s  and  a column h ead  p ressu re  of 
20 psi...........................................................................................................146
Table 4.8: P eak  a re a s  without an  on-line microtrap, using a
sam pling tim e of 10 s  and  a  column h ead  p ressu re  
of 25 p s i .................................................................................................. 147
Table 4.9: P eak  a re a s  with an on-line m icrotrap in place, using
a  sam pling time of 10 s and a  column h ead  p ressu re  
of 25 psi...................................................................................................... 147
Table 4.10: List of com pounds su g g ested  by Krug Life S ystem s
for testing the perform ance of the modified M200 microchip 
g as  chrom atograph..................................................................................163
Table 4.11: Minimum detection limits for som e volatile organic
com pounds su g g ested  by Krug Life S ystem s on a  
4 m x OV-73 column............................................................................. 180
Table 4.12: P eak  a re a s  and  their standard  deviations for a  sam ple
mixture at the 100 ppbv level............................................................  184
Table A .4.1: Piggy-back board parts lis t............................................................... 197
x iv
LIST O F FIGURES
Figure 1.1: Major com ponents of a  microchip g as  chrom atograph
data-flow...........................................   12
Figure 1.2: Com ponent layout of a  model M 200/P200 g as
chromatograph module...................................................................... 16
Figure 1.3: M2001 sta tus window for the microchip g as
chromatograph....................................................................................  17
Figure 1.4: M2001 param eter m ethod window for the microchip g as
chromatograph....................................................................................  17
Figure 1.5: Model M 200/P200 single module sam ple lines........................ 20
Figure 1.6: Model M200 microchip gas  chrom atograph schem atic
diagram........................................................................ 21
Figure 1.7: Model M200 microchip g a s  chrom atograph Golay plots
using helium as  carrier g a s .................................................................. 2 8
Figure 1.8: Model M200 microchip g as  chrom atograph Golay plots
using hydrogen a s  carrier g a s .........................................................  3 0
xv
Figure 1.9: Model M200 microchip g as  chrom atograph calibration
curves at 25 psi helium head  pressure using a
50.5 ppmv benzene standard........................................................... 34
Figure 1.10: Effect of tem perature on retention time for a nonpolar 
capillary column (OV-73) at 20 psi helium head 
pressure...............................................................................................  37
Figure 1.11: Effect of tem perature on retention time for a
moderately-polar capillary column (OV-1701) at
20 psi helium head pressure........................................................... 39
Figure 2.1: General temperature program.........................................................  48
Figure 2.2: M200 tem perature-program m ing profiles at a heating
rate of 0.7° C/s using one and two heaters, respectively .. . .  53
Figure 2.3: M200 tem perature-program m ing profiles at a heating
rate of 1.0° C/s using one and two heaters, respectively .. . .  53
Figure 2.4: Isothermal versus tem perature-program m ing on a
model M200 microchip gas chrom atograph............................... 60
Figure 3.1: Schem atic diagram of the working microchip gas
chromatographic s e tu p .....................................................................  70
xvi
Figure 3.2: Schem atic  diagram  for the appara tus used  in on-colum n
cryogenic trapp ing ..................................................................................75
Figure 3.3: Schem atic  diagram  for the appara tus used  during cryogenic
trapping on a  s ta in less steel tube with liquid n itro g e n   7 9
Figure 3.4: Schem atic  diagram  of the Tenax-G C microtrap
interfaced betw een  th e  injection switch valve and
the sam ple loop in the solid-state in jector...................................... 82
Figure 3.5: S chem atic  diagram  of the  appara tus used  during
concentration with a  4.0 cm Tenax-GC m icro trap ...................  82
Figure 3.6: S chem atic  diagram  of the ap p ara tu s  used  for experim ents
involving a  microchip GC system  without an analytical 
co lum n.................................................................................................... 86
Figure 3.7: S chem atic  diagram  for interfacing the M200 TCD to
an  am bient air FID, in s e r ie s ............................................................ 88
Figure 3.8: S chem atic  diagram  of the am bient air FID interfaced
in series  with the microchip g as  chrom atograph T C D   89
Figure 3.9: Bar graph show ing the concentration of hydrocarbons
by cryogenic trapping on a  sta in less  steel sam ple  line 
situated  betw een the  solid-state injector and  the  switch 
valve on the m anifold......................................................................... 93
x v i i
Figure 3.10: Bar graph showing the concentration of som e norma!
hydrocarbons on a  4.0 cm Tenax-GC trap situated 
betw een the solid-state injector and the switch valve 
on the manifold, desorbed  at 200° C with an  external 
heater, at 60 psi injection p re ssu re .................................................. 97
Figure 3.11: A typical chromatogram showing; Top: Before 
Concentration; Middle: After concentrating 5 ml_ 
on a  Tenax-GC trap; Bottom: Blank injection after 
a  trap c leanup ..................................................................................... 98
Figure 3.12: Bar graph showing the concentration of som e volatile 
organic com pounds on a 4.0 cm Tenax-GC trap 
situated betw een the solid-state injector and the 
injection switch valve desorbed  at 190° C with an 
external Omega h e a te r ..................................................................... 100
Figure 3.13: Effect of increasing the carrier g as  flowrate through the 
microtrap alone and the difference in venting flowrates 
with and without an on-line m icrotrap...........................................  104
Figure 3.14: Effect of increasing the carrier g as  head p ressu re  on the 
difference in venting flowrates with and without the on-line 
microtrap.............................................................................................  104
x v i i i
Figure 3.15: Effect of increasing the injection delay  time on detector 
resp o n se  for th ree  different injection tim es and  two 
different sam ple t im e s ......................................................................... 107
Figure 3.16: Effect of increasing the  injection p ressu re  on peak  a rea  
at a  constan t column h ead  p ressu re  of 20  psi hydrogen 
carrier g a s .............................................................................................. 109
Figure 3.17: Effect of varying the injection p ressu re  on th e  detector 
re sp o n se  a t a  constant helium h ead  p ressu re  of 30 psi 
on a  4  m x 0.32 mm x 1.0 pm DB-5 capillary co lu m n   112
Figure 3.18: C hrom atogram s showing: Top) A similar column head  
and  injection p ressu re  of 20 psi. Bottom) A column head  
p ressu re  of 20 psi and  an injection p ressu re  of 25 psi 
(a 5 psi differential betw een column p ressu re  and  
injection p re ssu re ) ................................................................................ 115
Figure 3.19: Com parison of the  microchip gas  chrom atograph TCD and  
am bient air FID re sp o n se s  for a  100 m s injection a  
100 ppmv propane through octane s a m p le ................................ 118
Figure 4.1: Schem atic diagram  of the sam ple lines of a  single M200
module showing the positioning of a  m icro trap ......................... 124
Figure 4.2: Schem atic diagram  of the  4.0 cm m icrotrap w rapped
with the sen so r and h ea ter wires, respectively ............................. 128
x i x
Figure 4.3: Schem atic diagram of the microtrap and the teflon
holders used for installation into the microchip gas 
chrom atograph...................................................................................  129
Figure 4.4: Top assem bly diagram of the piggy-back board used for
trap temperature control..................................................................  131
Figure 4.5: Piggy-back board schem atic d iagram ..........................................  132
Figure 4.6: Event timing diagram for the modified model M200
microchip gas chrom atograph...........................................................136
Figure 4.7: New M2001 m ethod window that enables isothermal,
tem perature-program m ing and concentration m odes 
of operation.........................................................................................  137
Figure 4.8: Schem atic diagram of the modified model M200 microchip
gas chrom atograph........................................................................... 138
Figure 4.9: Chrom atogram s showing the effect of an inadequate
power supply. Top) Separation without concentration 
mode; Bottom) Separation with concentration m o d e   144
xx
Figure 4.10: Desorption profile of a  5 mL x 100 ppm v h ep tan e  sam ple  
loaded into a  4 .0  cm Tenax-G C m icrotrap and d eso rb ed  
in 100 m s injections onto a  4 m long and  100 pm internal 
d iam eter capillary column coated  with a  0 .4  pm DB-5 
stationary p h a s e ...................................................................................  149
Figure 4.11: Detector resp o n se  versus vent time for a  20 mL x
100 ppm v sam ple concentrated  from a  Tenax-G C only, 
m icrotrap................................................................................................ 152
Figure 4.12: C oncentration factors for a  20 mL x 100 ppm v sam ple
mixture versus vent time from a  Tenax-G C m icro trap  152
Figure 4.13: Schem atic diagram  of a  dual bed  m icrotrap used  to
replace the Tenax-GC only m icro trap ..........................................  154
Figure 4.14: Detector resp o n se  versus vent time for a 5 mL x 100 ppmv 
sam ple concentrated  from a Tenax-G C / C arbosieve Sill 
m icrotrap................................................................................................ 156
Figure 4.15: C oncentration factors of a  5 mL x 100 ppmv sam ple
mixture v ersu s  vent time from a Tenax-G C /  C arbosieve
Sill m icrotrap.........................................................................................  156
Figure 4.16: Typical chrom atogram  of a  sam ple mixture of 100 ppmv
propane through octane. Top) Before concentration; Bottom) 
After concentrating 5 m L ....................................................................... 157
Figure 4.17: P eak  a rea  versus vent time on an  OV-73 capillary 
column at 25 psi helium head  p ressure and 200 m s 
injection tim e .......................................................................................... 159
Figure 4.18: Concentration factor versus vent time on an OV-73 
capillary column at 25 psi helium head  pressure  and 
200 ms injection tim e ........................................................................... 159
Figure 4.19: Peak a rea  versus vent time on an OV-1701 capillary 
column at 25 psi helium head  p ressure and 200 m s 
injection tim e ....................................................................................... 160
Figure 4.20: Concentration factor versus vent time on an OV-1701 
capillary column at 25 psi helium head  p ressu re  and 
200 ms injection tim e......................................................................... 160
Figure 4.21: Concentration of n-alkanes on a  dual bed microtrap with
a 200 ms vent tim e.............................................................................162
Figure 4.22: Concentration of n-alkanes on a  Tenax-GC microtrap with
a  200 ms vent tim e ............................................................................. 162
Figure 4.23: Chromatogram showing separation of a  mixture of 
com pounds suggested  by Krug Life S ciences on an 
OV-73 capillary colum n.....................................................................165
Figure 4.24: Chrom atogram  showing separation  of the Krug mixture
of com pounds on an OV-1701 capillary co lu m n ......................  166
Figure 4.25: D etector resp o n se  versus vent time for the Krug mixture . . .  169
Figure 4.26: D etector resp o n se  versus vent time for the Krug mixture
from hexane through d e c a n e ............................................................ 169
Figure 4.27: Breakthrough volum es for the total sam ple mixture
suggested  by Krug Life S c ie n c e s ...................................................  173
Figure 4.28: Breakthrough volum es for the  higher m olecular weight
com pounds su g g ested  by Krug Life S c ie n c e s ..............................173
Figure 4.29: Concentration factor bar graph for the  Krug m ix tu re .................175
Figure 4.30: S om e peak  lists for detection limit runs for the Krug 
s tandard  mixture a s  obtained from the  OV-73 and  
OV-1701 capillary colum ns using M2001 so ftw a re .................... 178
Figure 4.31: Typical chrom atogram  show ing the  concentrated  Krug 
mixture p eaks at the 0.1-2.5 ppm v concentration level on 
a  0.10 mm OV-73 capillary co lu m n ................................................... 179
Figure 4.32: Separation com parison between an OV-73 and an OV-1 
capillary column using a 250 ppmv standard  mixture: 
top) 0.10 pm i.d. 0.4 pm thick OV-73 column; Bottom)
0.15 pm i.d. x 1.2 pm thick OV-1 colum n...................................  182
Figure 4.33: Comparison concentration with a  20 mL x 0.1 ppmv
sam ple per microtrap on: top) 0.10 pm i.d. 0.4 pm thick 
OV-73 column; Bottom) 0.15 pm i.d. x 1.2 pm thick OV-1 
colum n.................................................................................................  183
Figure A.4.1: New M2001 method window for a  standard injection 200
xxiv
LIST OF SYMBOLS AND ABBREVIATIONS
A amp
A angstrom
dc direct current
EPROM e ra sa b le  program m able read  only m em ory
eV electron volt
FID flam e ionization detecto r
GC g a s  chrom atograph(y)
H.E.T.P. (or H) height equivalent to a  theoretical plate
i.d. inner d iam eter
IES Institute for Environm ental S tudies
I/O Input/Output
lb pound
m m eter
MTI M icrosensor Technology Incorporated
MGC Microchip G as C hrom atograph
mL milliliter
pm m icrom eter
(iL microliter
MHz M egahertz
min m inutes
m s m illiseconds
mVs millivolt second
nL nanoliter
o.d. ou ter diam eter
ppbv  part per billion by volume
xxv
ppmv part per million by volume
psi pounds per square  inch
pts points
TM trade mark
S seco n d s
TCD thermal conductivity detector
TEC thermoelectric cooler
°C d eg rees  Celsius tem perature scale
°C/s deg rees  Celsius per second; tem perature ramp rate
U (cm/sec) linear velocity in centim eters per second
V volt
W watt
Tenax-GC 2,6-diphenyl-p-phenylene oxide polymer
OH
xxvi
A BSTR A CT
Although the u se  of portable g a s  chrom atographs is a  well estab lished  
technique, it is still experiencing rapid growth. For continued growth and  
accep tan ce , how ever, it m ust b e  a  viable alternative over th e  u se  of traditional 
g a s  chrom atographs, in term s of its applicability for identification of important 
com pounds, an d  its routine u se  for the analysis of volatile organic com pounds 
(voc) in am bient air. The biggest limitation to the  u se  of portable g a s  
chrom atographs is their lack of sensitivity to low concentrations of voc's. Most 
portable g a s  chrom atographs at p resen t have a  detection limit of about 1 
ppmv, while th e  concentration of voc 's in am bient air is often below th e  ppmv 
range. This dissertation describes two stra teg ies for lowering th e  detection 
limit of a  portable model M200 microchip g a s  chrom atograph, nam ely by: (a) 
introduction of tem perature-program m ing capability, and  (b) incorporation of 
an on-line concentration s tep  through th e  u se  of a  solid adsorben t.
In C hapter One, the  M200 g as  chrom atograph w as evaluated . 
P a ram ete rs  evaluated  include column efficiency, retention tim e and  peak  a rea  
reproducibility and  selectivity. In C hapter Two th e  introduction of tem perature- 
program m ing capability to the M200 GC is d iscussed . This required 
tem peratu re  ramping ra tes on the  order of 1.0° C /s an d  resulted  in an increase  
in the peak  capacity  of the  system . Similar to the results for conventional GC, 
tem perature-program m ing capability with th e  M200 GC w as show n to be  an 
effective solution to the general elution problem.
T he use  of an on-line concentrator to further lower the  limit of detection 
of th e  M200 GC w as d iscussed  in C hapter Three. For maximum efficiency, it 
w as determ ined that the  concentrator should be p laced betw een  the  sam ple 
loop and  the  switching valve. In C hapter Four, single and  dual bed  m icrotraps 
w ere installed.and optimized onto the  com m ercial portable M200 GC. The
x x v i i
dual bed microtraps w ere shown to result in an overall better concentration 
effect for both the low and high molecular weight volatile com pounds. Finally, 
using dual bed microtraps, the portable M200 GC w as shown to detect m ost 
voc's at the 0.1 ppmv concentration level, a  ten fold increase in the detection 
limit.
x x v i i i
C H A P T E R  1
A RE-EVALUATION O F THE MODEL M 200 M ICROCHIP GAS
C H R O M A T O G R A PH
1
21.1 INTRODUCTION
There has long been a  pressing need for rapid on-site m ethods to 
accurately a s se s s  the identity and concentration levels of volatile organic 
compounds. This concern applies to all types of sites and any other situations 
where volatile organic compounds may occur, and th ese  may include among 
others:
i) Environmental sites: For immediate analysis of a  toxic chemical spill or 
a  historical chemical dump site.
ii) Breath gas analysis: For law enforcement purposes since ethanol is 
easily separated  from acetone which can be an interference on current 
testing methods. Also human performance applications in the research 
laboratory in hospitals, the aerospace industry and universities.
iii) Engineering facility: Determination of exhaust g ases  from automotive 
and stack emissions and analysis of transformer oil gases.
iv) Processing plant site: As the application for analysis for hazardous 
em issions move from the process laboratory to the process itself, a s  in 
the case  of an oil spill or an agricultural chemicals manufacturing 
industry, an increased amount of accurate real-time process information 
will result.
v) Medical facility: Blood gas or breath analysis for som e volatile organic 
compounds, which may be indicative of d isease, could be performed in 
the physician's office, making the decision process about a  patient's 
condition much easier and faster. Also operating room atm osphere 
analysis for anesthetic agents and leak detection could be performed 
on-site.
3Thus, the ability to have real-time answ ers without being tied to the laboratory 
and  its schedule  would sav e  valuable time, m oney and other resources.
This dissertation project, therefore, involves the developm ent of a  field 
deployable volatile organic com pound analyzer b ased  on a  high sp eed  model 
M200 (or the portable version P200) microchip gas  chrom atograph (MTI 
Analytical Instruments™ , M icrosensor Technology Inc., Fremont, California,
USA). It includes several perform ance and  sensitivity enhancem ent a sp ec ts  of 
this instrument.
D eveloped in 1988, the model M200 microchip g a s  chrom atograph 
(microchip GC) is a  relatively new analytical instrument on the  market, w hose 
detection sensitivity n eeds to be lowered below the current detection limit (1.1) 
of slightly less than 1 part per million by volume (ppmv). Such developm ents 
on this instrument are  necessary  since its size, portability, selectivity and  
sp eed  of analysis m ake it attractive and well suited for the analysis of volatile 
organic com pounds in the  laboratory, field or on-line during p rocess  control 
situations. Furtherm ore, its dual column nature (i.e. two g as  chrom atographs 
operated  individually and sim ultaneously in one box) m akes com pound 
identification relatively easie r and m ore accurate.
To date, potential applications of the  microchip gas  chrom atograph 
have been  reported to include the analysis of perm anent g ases , natural g ases , 
landfill g a se s , fruit maturation g ases, and  ferm entation g a s e s  (1.2,1.3,1.4). 
However, it is currently not possible to perform m ost of the above m entioned 
applications, for analyte concentrations at the part per billion by volume level 
(ppbv), with the microchip gas  chrom atograph found on the market. This 
anom aly is a  result of the fact that the instrument can detect volatile organic 
com pound concentration levels of slightly less than 1 ppmv or higher (1.1,1.5), 
which elim inates its use in the analysis of sam ples w hose concentration levels
4are in the ppbv range. Furthermore, its isothermal m ode of operation limits the 
molecular weight range of volatile organic com pounds that can be analyzed 
within a  reasonable time period, as  well a s  making the detection of late eluting 
com pounds difficult a s  a  result of peak broadening. Therefore, this dissertation 
project sought to address the performance of the microchip gas 
chrom atograph with the following objectives:
i) To lower the detection limit of the microchip gas chrom atograph through
an investigation of the possible changes in its configuration.
ii) To increase the peak capacity of volatile organic com pounds that can 
be separated  in a  fixed time period by addition of linear tem perature- 
programming to the microchip gas chromatograph.
iii) To be able to interface the microchip gas chromatograph to other 
detectors, such as, photoionization detector, flame ionization detector 
(to identify peaks that usually co-elute with air and water) and an ion 
trap detector (to assist in the identification of com pounds associated 
with various peaks).
iv) To develop a  model gas sensor, based on an enhanced M icrosensor 
g as  analyzer.
1.2 CHARACTERISTICS OF ON-SITE ANALYSIS INSTRUMENTS
To better understand the role of the microchip gas chrom atograph a s  a 
potential on-site volatile organic compound analyzer, it is essential to 
appreciate how it currently fares among the many different types of analyzers 
used in the field. On-site environmental analyses have many aspects  that 
m ake them attractive and challenging from the logistical a s  well as  economic 
perspective. In recent times, new developm ents in analytical instrumentation 
have m ade on-site sam ple analysis attractive from the analytical point of view
5a s  well (1.6). There a re  currently th ree m ethods that are  available for making 
m easurem ents in the field and  th ese  are  classified a s  follows (1.7):
i). H and-held screening  instrum ents.
ii). T ransportable instrum ents
iii). Fully equipped mobile laboratories that are  se t up at the  site being 
investigated or cleaned up.
1.2.1 H a n d -h e ld  In s tru m e n ts
T h e se  are  truly portable and are  characterized by their very light weight 
nature, usually on the order of 15 pounds or less. They are so  easy  to operate  
they do not need  a  trained chem ist to operate them effectively. Their response  
time is m easu red  in seconds, usually by m eans of a  m eter reading, som etim es 
supplem ented by a  strip chart recorder. They usually incorporate a  self- 
contained power supply. They are commonly used for scouting or screening 
purposes only b ecau se  they give a  m easurem ent of, for exam ple, total 
arom atic hydrocarbons present, total chlorine-containing organic com pounds 
that a re  volatile at room tem perature, and or perm anent g a se s . Therefore, 
th e se  instantly give com pound group m easurem ents. Typical exam ples 
include th e  photoionization detector commonly used  a s  a  monitor for total 
arom atic hydrocarbons present in the atm osphere. O ther exam ples include a  
portable electron capture detector for monitoring total chlorinated 
hydrocarbons, a  portable infrared detector for monitoring the p resen ce  of total 
hydrocarbons, a  portable flame ionization detector and a  portable ion mobility 
spectrom eter. Except for the ion mobility spectrom eter which is more 
expensive, th e se  hand-held detectors usually cost less than $7000 (1.7).
61 .2 .2  T ra n s p o r ta b le  In s tru m e n ts
T hese  are  complete analytical instruments which have been m ade so 
rugged they can be mounted in the back of an unspecialized vehicle and set 
up at a  remote location. They are semi-quantitative instruments with a  nominal 
response time of several minutes. They usually process information through 
an on-board m icroprocessor-based data system  to provide a perm anent 
record. They weigh about 30 pounds or more, with a battery life of about 8 
hours per charge. T hese instruments can also be used with a  generator or an 
alternating current (ac) source and can cost from $10,000 to $30,000. Typical 
exam ples in this category are the Photovac series (Photovac International Inc., 
Deer Park, NY, USA) which use a highly sensitive photoionization detector 
and the microchip gas analyzers, models M200 and P200 (MTI Analytical 
Instruments™, Microsensor Technology Inc., Fremont, California, U.S.A.) 
which use a miniaturized high performance thermal conductivity detector.
M ass spectrometric based  transportable instruments are also available and 
their cost ranges from $100,000 to $200,000.
Transportable instruments often suffer from inherent difficiencies. This is 
because  the process of making them rugged often not only adds to their 
weight and cost but also detrimentally affects their selectivity and sensitivity. 
Furthermore, b ecause  tem perature programming for gas  chromatography 
requires substantial am ounts of power, without access  to an ac source, 
transportables usually operate isothermally. This limitation severely restricts 
their range of applications, as  well a s  their sensitivity and resolution.
The United S tates Environmental Protection Agency (USEPA) 
researchers completed a  field evaluation, in 1989, of six transportable gas 
chrom atographs, using a research-grade model 5880A Hewlett-Packard gas
chrom atograph (Palo Alto, California, USA), in a  stab le mobile laboratory 
environment, a s  a  com parison standard  (1.7,1.8,1.9). The results of the 
dem onstration illustrated that portable G C's can be operated  in the  field to 
produce da ta  of quality close or equivalent to that obtained from research  
g rade  instrum ents. Deviations in the linearity of calibration curves were noted 
and  attributed to difficulties associa ted  with the preparation of g as-p h ase  
standards. In all, the USEPA scientists concluded that although the use  of 
transportable g a s  chrom atographic instrum ents in the field greatly increased 
the  am ount of useful data  acquired, they often required m ore quality control (or 
frequent calibration) procedures than laboratory b ased  instrum ents in order to 
achieve com parable levels of accuracy and chrom atographic resolution. 
Furtherm ore, the report recom m ended that w ell-characterized m ethods for 
field analysis using portable g a s  chrom atographs should be developed and 
prom ulgated by the  agency.
1 .2 .3  M obile  L a b o ra to r ie s
Mobile laboratories a re  specially engineered  vehicles that a re  m ounted 
with fixed laboratory-based instrum ents and transported to the field to se t up a  
mobile laboratory for on-site analysis. The cost of th e se  mobile laboratory 
vehicles, excluding instrumentation, can be a s  high a s  $150,000 (1.7), which 
m akes the total cost of a  mobile laboratory even higher w hen one includes the 
already high cost of the  fixed laboratory-based instrum ents to be m ounted in 
the  vehicle. As a  result of this high cost, transportable and hand-held 
instrum ents will continue to play an important role in the field of on-site 
analysis.
8Therefore, if rugged transportable instruments can be developed that 
can give analytical data that are com parable to that given by fixed laboratory- 
based  instruments, th ese  would find many applications in solving problems 
associated  with on-site analysis. Thus, this dissertation project seeks to 
improve the performance and range of com pounds that can be analyzed by 
the microchip gas  chromatograph, which we believe, is a promising 
transportable instrument for on-site analysis of volatile organic com pounds in 
the environment.
Finally, a  summary of the characteristics of instruments currently used in 
on-site analysis of volatile organic com pounds in the environment is given in 
table 1.1 below:
T ab le  1.1: Characteristics of on-site analysis instruments.
H a n d -h e ld  T r a n s p o r ta b le  M o b ile
la b o ra to ry
Operation 
Organic Sample
Response Time 
Selectivity
Data Output
Power
Running time 
without recharge
Weight
Operation
Hand-held Stationary in laboratory Fixed in mobile
Volatiles and 
fixed gases
seconds
Low
Meter,
recorder
Battery
<16 hr 
<15 lb
Camp
Volatiles and semi- 
volatiles
Minutes
Semi-selective
Printer
Battery/ac/
generator
< 8 hr 
- 5 0  lb
vehicle
Volatiles, semi- 
volatiles, pesticides 
and nonvolatiles
> 30 minutes
Equal to fixed 
laboratory
Equal to fixed 
laboratory
Generator/ac
N/A 
> 5 0  lb
Temperature Ambient Isothermal Isothermal/
Temperature-
__________________________________________________________ Programmable____________
1.3 LITERATURE REVIEW
First suggested  by Karasek (1.10), the microchip gas  chrom atograph, 
which is the basis  for the microchip gas  chromatograph, w as introduced in 
1975 a s  an early application of the technology used in the microelectronics 
industry for the m anufacture of analytical instrumentation and its com ponents. 
Borrowed from the  sem iconductor industry, application of techniques, such a s  
microfabrication and  microlithography (lithography literally m eaning, writing on 
stone) or silicon micromachining, led to the miniaturization of analytical 
instrumentation and  com ponents am ong them, detectors, injectors, and 
sample-m anipulation tools (1.11). T hese  resulted in the so-called "gas 
chrom atograph on a  chip" (1.12,1.6). This w as a  com plete gas  chrom atograph 
on a silicon wafer. The technical difficulties associated  with etching and 
passivating a  good symmetrical column into the silicon wafer at the time, 
precluded large sca le  production of this module. However, with improved 
technology in the m anufacture of microbore capillary columns, further 
developm ents in the microchip GC w ere carried out by Terry and co-workers, 
a t Stanford University (1.13). In the m odels that followed at M icrosensor 
Technology Incorporated (Michromonitor 500 and the new er M200 and 
portable P200 g a s  chrom atographs), microfabrication techniques were 
em ployed to m ake som e critical com ponents of the microchip g as  
chrom atographic system , namely, injection microvalve, sampling microvalve, 
sam ple loop in the silicon wafer and the micro thermal conductivity detector.
It w as already well established in gas  chrom atography that reduction of 
the capillary column diam eter resulted in greater separation efficiency per unit
1 0
length of column (1.6). Thus, good separation  could be  achieved with a  
relatively short column of sm aller diam eter. This w as very attractive if a  
lightweight, portable system  like a  microchip g a s  chrom atograph, w as 
required. Furtherm ore, the  reduced  column diam eter m ean t that the carrier g a s  
requirem ents w ere similarly reduced, and  small g a s  reservoirs could supply 
the carrier g a s  n e e d s  of the  microchip GC for long periods of time. A 
m icrofabricated solenoid-actuated-nickel diaphragm  injection valve w hose 
se a t w as e tched  into a  silicon wafer w as dem onstra ted  to provide reproducible 
injections of nanoliter-size sam p les  without overloading the 100 pm internal 
diam eter capillary colum n (1.4 ). This miniature valve had  an internal dead  
volume of 4  nanoliters and  an  open /close cycle time of about 1.5 m s. The 
injection valve (normally closed) w as opened  from 5 to 255 m s (corresponding 
to sam ple volum es of about 25 to 250  nanoliters, respectively) sending a  
narrow  plug of sam ple into the carrier stream .
With the  small peak  widths from the 100 pm internal d iam eter capillary 
column, often less than 100 m s wide, a  detector with a  very small internal 
volume w as  required. This detecto r had  to be sensitive enough to detec t trace 
constituents in a  very small sam ple  volume, and  still have a  re sp o n se  tim e of a  
few m s. T he Stanford group determ ined that a  concentration-sensitive detector 
would b e  required s ince the sensitivity would be internal-volum e independent. 
Thus, a  micro therm al conductivity detector (TCD), consisting of four 
lithographically patterned  zigzag nickel wire filam ents(1000 A thick), 
su sp en d ed  in two channels, two filam ents per channel (sam ple and  
reference), w as inserted a t the end  of the capillary column. T h e se  filam ents 
w ere deposited  on a  thinned silicon su b stra te  (silicon wafer) which w as 
housed  in a  ceram ic package. The micro TCD h as  a  d ead  volum e of 20 nL 
with a  time constan t of 10 m s and m easu res  6.35 mm long x 6 .35 mm wide x
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1.65 mm high (1.1,1.4). Detection of air contam inants in the less than 1 ppmv 
range has  been dem onstrated, and analysis times of less than 60 s for many 
organic vapors a re  typical (1.2,1.3,1.4,1.5,1.14-1.17).
A reas such a s  clinical chemistry, environmental pollution monitoring, 
p rocess control, breath volatile analysis, automobile em ission control, and 
chemical analysis in a  spaceship  are all heavily dependent on fast response  
sen so r technology, and would therefore, be the im m ediate beneficiaries of an 
improved microchip gas  chromatograph, if its sensitivity w ere further increased 
and its analytical range widened.
1.4 MATERIALS AND METHODS
1.4.1 T e c h n ic a l D esc rip tio n  of th e  M odel M200 M icro ch ip  G a s
C h r o m a to g ra p h
The commercially available microchip gas chrom atograph consists of 
th ree major com ponents, namely, hardware, firmware and  the external 
software. The hardw are and firmware are contained within the instrument unit 
while the software requires the use of an external com puter to serve a s  the 
host for the user interface, data acquisition and manipulation software. The 
data-flow relationship between th ese  com ponents is shown on the schem atic 
in figure 1.1 below:
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F igure  1.1: Major com ponents of a microchip g a s  chrom atograph data-flow.
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The hardw are and firmware com m unicate via electronic control and 
sensing signals which are connected to the interrupt and I/O system s of the 
microchip gas  chrom atograph's internal microcontroller. The firmware and 
software com m unicate via an RS 232-C subse t serial link using a  system  of 
binary-coded com m and and data formats collectively referred to a s  the 
"command language".
In addition to the com ponents diagram m ed above, there is a  back panel 
upon which certain of the analog sensing signals a re  available, and a  front 
panel upon which som e of the status and com m and system  is accessible.
Neither the front nor back panels provide com plete access  to the microchip 
gas  chrom atograph. The only com plete access  is via the serial link and the 
microchip g as  chrom atographic software.
The models M200/P200 chrom atographs are  controlled by com m ands 
received through an RS 232 serial port. In the ca se  of the model M200, the 
source of com m ands and sink for output data  is either a serial link connected 
to the back of the M200 or the M200's front panel, which is a  com plete 
com puter system  in itself. The serial link is switched logically via a  button on 
the front panel. If the link is switched to the front panel, the M200 is said to be 
in "local mode" and will respond only to the front panel com m ands, but will 
constantly transmit appropriate data  to the external serial link. If the link is 
switched to the external serial link, the M200 is said to be in "remote mode" 
and it will ignore the front panel, except for the "remote mode" button which 
switches it back to "local mode". Upon startup, an M200 en ters local mode. In 
the  ca se  of a  P200, or an M200 with the front panel disconnected, the startup 
and only m ode is remote.
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1.4.2 G a s  C h ro m a to g ra p h ic  S y s te m  (Refer to figure 1.2 below).
The model M200 dual channel microchip g a s  chrom atograph 
(M icrosensor Technology Inc., Fremont, CA) contains two completely 
independent GC m odules. Each module is equipped with a  solid-state sam ple 
injection system  with microvalves (injection volume 25-250 nL); a  4 m long x 
100 pm i.d. analytical capillary column coated  with a  0.4 pm thick stationary 
p h ase  and  a  4 m x 100 pm i.d. uncoated reference capillary column. The 
reference and analytical capillary colum ns a re  spiralled flat on a  copper plate 
under which are  coils of heater and  sen so r wires, which m ake up the oven.
T h e se  two colum ns are  connected to a  miniaturized silicon m icrom achined 
high perform ance thermal conductivity detector. The arrangem ent of the 
reference and analytical capillary columns, column oven, solid-state injector 
and  high perform ance therm al conductivity detector on a  single module is 
show n on figure 1.2. The two GC m odules share  a  12V dc m em brane 
diaphragm  vacuum  pum p for sam pling at am bient p ressu re  (model A, Gilian 
Instrument Corp., W ayne, NJ, USA), which has a  no-load rating of 2 liters per 
minute and a  maximum suction load of 7 psi. A 5 micron inlet frit is also 
included in the 1.6 mm Swagelok union (Crawford Fitting Com pany, Solon,
Ohio, USA) sam ple inlet for filtering the air sam ple. The module A g as  
chrom atograph contains a  4 m x 0.1 mm x 0.4 pm capillary column with a  DB-5 
or OV-73 (95% dimethyl-5% diphenyl polysiloxane) stationary p h ase , while 
m odule B g a s  chrom atograph contains a  DB-1701 or OV-1701 (14% 
cyanopropylphenyl-86%  methyl polysiloxane) stationary p h ase  column of 
similar dim ensions to module A. Recently, MTI has  begun offering a  thick film 
(1.2pm) OV-1 column that h as  a  0.150 mm internal diam eter. M odules having 
other specific colum n/phase com binations may be specially ordered  from MTI.
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The two modules share the M200's electronics and front panel controls.
Method param eters, such as  column tem perature (30° C-200° C), injection 
time (0-255 ms), sampling time (0-255 s), run time (1-255 ms), detector 
sensitivity (low, medium or high), auto zero (ON/OFF), auto run (ON/OFF), 
detector filament (ON/OFF) and column head  pressure (mechanical regulator) 
can be simply controlled or monitored from the front panel of the instrument. 
Besides offering control from the front panel with detector output to an 
integrating strip chart recorder, the instrument also offers operation via a  
personal computer using the EZChrom 200 software package supplied by the 
manufacturer or via a Macintosh com puter using the M2001 software package
(1.18), which w as developed at Louisiana S tate University's Institute for 
Environmental Studies. The method param eter windows depicted by the 
M2001 software package are shown on figure 1.3 for the M200 status window 
and on figure 1.4 for the current method window. Both software packages were 
developed to control, acquire and process data from the models M200 or P200 
g as  analyzers.
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Figure 1.3: M2001 status window for the microchip g as  chromatograph.
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F igure  1.4: M2001 param eter method window for the microchip gas 
chrom atograph.
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1.4.3. D esc rip tio n  of th e  In jec tion  S y s te m  fo r th e  M icroch ip  G as
C h ro m ato g rap h  (Refer to schem atic diagram s on figures 1.5 and 1.6).
Each of the microchip GC modules requires an external g a s  manifold 
which includes a  p ressu re  regulator for controlling sam ple and carrier gas  flow 
and th ree solenoid valves. The carrier gas p ressu re  is regulated down from an 
80 psi source to betw een 10 and 45 psi at the manifold. The silicon 
microvalves in the solid-state injector are  pneumatically activated by the 80 psi 
source p ressu re  through the action of the solenoid valves on the manifold. The 
third solenoid valve sw itches between a sam ple flow path, on-line with the 
sam ple pump, for filling the sam ple loop, and a  carrier g as  source for 
pressurizing the sam ple loop prior to injection.
The injection m echanism  of the M200 and or P200 involves pulling the 
sam ple through a  10 to 11 pL sam ple loop (with the sam ple valve open) on the 
silicon wafer and then pressurizing the sam ple loop, with the sam ple valve 
closed, using carrier gas  that has been allowed to backflush the sam ple loop 
by the switch valve, at a  pressure slightly above the column head  pressure. A 
flow restrictor on the silicon wafer cau ses  the pressure drop betw een the 
p ressure  regulator and the injector valve at the head of the column. This 
p ressu re  drop drives the flow from the sam ple loop into a  mixing "T junction" at 
the head  of the column w here the injection valve is then opened for a  pre­
determ ined period of time (0-255 ms) to allow a small plug of sam ple to enter 
the analytical column. Two important points about the injection m echanism  are 
worth mentioning. Firstly, the injection is caused  by the transient gas flow 
through the sam ple injection valve during decom pression of the g as  in the 
sam ple loop. Secondly, the pressure drop that ultimately drives the injection 
results from a  flow restrictor built onto the silicon chip. It is in e sse n c e  a
19
pressure divider that divides the M200 regulator pressure, in constant 
proportion, between the column and an excess  pressure available to m ake the 
injection. B ecause the flow restrictor is fixed, any change in capillary column 
length and/or diam eter will change the fraction of the regulator pressure 
available for the injection and consequently the am ount of sam ple injected.
A schem atic diagram of the microchip gas  chromatograph that shows its 
sam ple lines and associated sample, injection and switch valves is shown on 
figure 1.5. Figure 1.6 is a schem atic diagram of the microchip gas 
chrom atograph showing the two modules.
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1 .4 .4  P re p a ra tio n  of V o latile  O rg a n ic  C o m p o u n d  S ta n d a r d s
During the  course  of this work, a  variety of s tandards w ere prepared for 
the  purpose of evaluating the microchip g as  chrom atograph. The m ethods 
u sed  for the preparation of the various s tandards is illustrated below.
1. The standard  containing approximately 100 ppmv each  of the normal 
hydrocarbons from butane through octane w as purchased  ready m ade 
from Liquid Carbonic Specialty G as Corporation, Chicago, Illinois, USA. 
This w as prepared  using 99.99%  nitrogen a s  the diluent and the 
certified concentrations for each  w ere listed a s  follows:
2. The standard  containing about 10 ppm each  of normal butane through 
octane, carbon tetrachloride and benzene w as m ade in 5 liter Tedlar™ 
bag a s  follows: a  volume of the 100 ppm mixture of the hydrocarbons 
bu tane through octane, required to m ake a 10 ppm mixture in a  total 
volume of Sliters w as m easured  and transfered into the  Tedlar bag 
using a  g a s  tight syringe. The volum es of analytical grade liquid 
b en zen e  and carbon tetrachloride required to m ake a  10 ppm standard  
in a  total volume of 5 liters w ere separately  m easured  using a  5pL 
syringe and transfered to the bag through an in-house constructed 
h eated  injection port, for vaporization purposes, using 99.99 % air to
n-B utane 105.3 ppm 
105.9 ppm
151.1 ppm
98.1 ppm 
90.0 ppm
n -P en tan e
n-H exane
n-H eptane
n-O ctane
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purge them into the bag. The mixture was then m ade up to 5 liters with
99.99 % air.
1.4.5 M e asu re m e n t of C olum n E fficiency
Som e disadvantages associated with the use of m ost commercially 
available traditional gas chromatographs, that use long capillary columns (IQ- 
60 m eters), are long analysis times that result in a low sam ple throughput for a 
gas  chrom atograph; lack of portability during field applications and the high 
energy cost required to operate these  instruments. Complex sam ple mixtures 
however, are usually resolved and separated  on these  long, open tubular 
capillary columns that provide 100-500 times higher plate num bers com pared 
to packed columns (1.19).
Short fused-silica capillary columns (4 m long x 0.1 mm i.d.) are used in 
a  microchip g as  chromatograph for method development, and rapid 
separations of relatively simple organic mixtures, isothermally, at tem peratures 
ranging betw een 30° C and 180° C. The microchip gas chrom atograph with 4 
m long x 100 pm i.d. x 0.4 pm phase  thickness fused-silica capillary columns is 
commonly operated at a  helium carrier gas head pressure of 20 psi, a s  per 
m anufacturer's recommendation (1.1). The 5.4 kilogram, com pact instrument 
has a  high degree of portability, increased miniaturization, and a  low energy 
requirement for its operation (typically, 6 W at 12 V dc and a  maximum of 30 
W).
In our evaluation of this instrument, we sought to m easure column 
efficiency or plate num ber by determining the minimum height equivalent to a  
theoretical plate (H) for the microchip gas analyzer, at a  column tem perature of 
40° C, using a  100 ppmv hexane standard with the commonly used (hydrogen
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and helium) carrier g ases . T he H value reflects the ratio of column length to 
efficiency, according to  the equation
HETP or H = — (1)
N
w here L is the column lenth, and N is the num ber of theoretical plates.
The plate num ber w as calculated b ased  upon a G aussian  m odel for peak
shape. B ecause  of this, the general formula for calculating column efficiency,
N, in units of theoretical p lates is conventionally defined by the equation (1.20) 
tr2
N = \  (2)
a 2
w here tr is the retention tim e for the peak and  a 2 is the  variance for the peak 
m easu red  in time units. Various peak  width m easu rem en ts  (W) can be related 
to the variance according to the relationship
W2 = a  a 2 (3)
w here "a" is a  constant that depends on the height from the baseline at which 
the peak  width is m easured . Using equations 2 and  3, the general relationship 
for calculating theoretical p lates from a G aussian  peak  profile becom es 
N = a ^  (4)
Equation 4 is the  basis  for a  num ber of commonly used  m ethods for 
calculating column efficiency. T he value of the constant "a" can assu m e  
different values depending on w here peak width is m easured . Thus, several 
alternatives for the calculation of column efficiency (N) a s s e s s  the  peak 
variance differently. The approach used  in this case , u se s  the  ratio of peak 
a rea  to peak height. This height/area method (1.20) a ssu m es  a  G aussian  peak 
profile for which the a rea  of a  peak  is a  function of its standard  deviation and 
peak  height according to the equation
A = V2ic a  h (5)
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w here A is the area, cr is the standard deviation, and h is the peak height. 
R earranging equation 5 gives
-  £r.
By combining equations 2 and 6, the relationship in equation 7, which w as 
used  to calculate plate counts for this experim ent is obtained.
(7)
w here N is the  theoretical plate number, h is the peak height, tr is the peak 
retention time, A is the peak area  and n is a  constant defined a s  3.142.
In using the height/area method (1.20), it is necessary  to have an integrator or 
com puter that can m easure the peak height, peak area  and retention times. In 
this case , th ese  w ere all easily com puted by the M2001 software package
(1.18).
M easurem ent of column efficiency w as done so  a s  to give ourselves a 
general idea of the plate counts provided by the 4 m x 0.1 mm capillary 
colum ns on this instrument which is in e ssen ce  a  m easure of the kinetic 
contributions to band broadening. Other contributions to peak  broadening 
such a s  extracolumn effects and thermodynamic factors, frequently m anifested 
a s  peak  tailing, w ere assum ed  to be playing an insignificant role. In practice 
however, this may not be the case . It w as also necessary  to acquaint ourselves 
with the carrier gas head  pressu res or average column velocities required to 
minimize peak  broadening, while using this instrument.
1.5  RESU LTS AND D ISCU SSIO N
For an isothermal column tem perature of 40° C using helium a s  the 
carrier g as  and hexane a s  the solute, a  minimum H value of 0.08 mm w as 
obtained, on the normalized scale. This corresponded to a  helium carrier gas
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head pressure of 17 psi, an average velocity of 29 cm/s and a  theoretical plate 
count of 23,000, for a 4 m fused-silica capillary column containing 95% 
dimethyl- 5% diphenyl polysiloxane (DB-5) stationary phase. The Golay plot 
data is shown on table 1.2 and its curve on figure 1.7, the lower curve. For the 
14% cyanopropylphenyl-86% methyl polysiloxane (DB-1701) stationary 
phase, the minimum H value was 0.20 mm on the normalized scale, 
corresponding to a  helium carrier gas head pressure of 17 psi, an average 
velocity of 34 cm/s and a theoretical plate count of 17,000. The Golay plot data 
is shown on table 1.3 and its curve on figure 1.7, the upper curve.
When using hydrogen a s  the carrier gas, at the sam e column 
tem perature, the 4 m long DB-5 column gave a minimum H value of 0.21 mm 
on the normalized scale. This corresponded to a hydrogen carrier gas head 
pressure of 15 psi, an average velocity of 59 cm/s and a theoretical plate count 
of 23,000 .The Golay plot data is shown on table 1.4 and its curve is shown on 
figure 1.8, the lower curve. The DB-1701 column gave a minimum H value of 
0.26 mm on the normalized scale, corresponding to a hydrogen head pressure 
of 17 psi, an average velocity of 61 cm/s and a  theoretical plate count of 
16,000. The Golay plot data is shown on table 1.5 and its curve is shown on 
figure 1.8, the upper curve.
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T ab le  1.2: A verage Golay plot data  for a  DB-5 capillary column with helium 
a s  carrier gas.
H e liu m
C a r r i e r
P r e s s u r e
( p s i )
H
(m m )
N o rm a liz e d  
H (m m )
U
(c m /s )
N
8 0.30 0.47 14.7 13000
9 0.28 0.39 16.0 14000
10 0.25 0.29 17.8 16000
12 0.22 0.17 21.4 18000
15 0.19 0.10 26.0 21000
17 0.17 0.08 29.3 23000
20 0.15 0.08 34.1 26000
22 0.16 0.10 37.3 25000
25 0.17 0.13 41.8 24000
28 0.17 0.18 46.3 24000
30 0.17 0.22 49.5 23000
32 0.18 0.26 52.4 2 2000
35 0.20 0.32 56.8 2 0000
37 0.31 0.39 61.0 13000
40 0.61 0.44 64.5 7000
T ab le  1.3: A verage Golay plot data  for a  DB -1701 capillary column with 
helium a s  carrier gas.
H e liu m  
C a r r ie r  
P r e s s u r e  (p s i)
H
(m m )
N o rm a liz e d  
H (m m )
U
(c m /s )
N
8 0.29 0.33 21.8 14000
9 0.27 0.30 23.4 15000
10 0.26 0.27 24.6 15000
12 0.25 0.23 27.9 16000
15 0.23 0.20 31.6 17000
17 0.23 0.20 34.5 17000
20 0.21 0.20 38.5 19000
22 0.20 0.20 41.0 20000
25 0.23 0.22 45.1 17000
28 0.24 0.25 49.8 17000
30 0.25 0.27 52.1 16000
32 0.26 0.29 54.6 15000
35 0.33 0.33 59.2 12000
37 0.34 0.35 61.4 12000
40 0.42 0.39 65.4 10000
H 
(m
m
)
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F igure 1.7: Model M200 microchip gas chrom atograph Golay plots using 
helium a s  carrier gas.
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T ab le  1.4: A verage Golay plot da ta  for a  DB-5 capillary column with 
hydrogen a s  carrier gas.
H y d ro g e n
C a r r ie r
P r e s s u r e
( p s i )
H
(m m )
N o rm a liz e d  
H (m m )
U
(c m /s )
N
15 0.18 0.21 59.4 23 0 0 0
17 0.19 0.21 65.4 22 0 0 0
20 0.20 0.23 75.8 2 0 0 0 0
25 0.24 0.26 90.9 16000
30 0.29 0.30 106.4 14000
35 0.33 0.34 120.5 12000
40 0.39 0.38 133.3 10000
45 0.44 0.42 147.1 9000
T ab le  1.5: A verage Golay plot d a ta  for a  DB-1701 capillary column with 
hydrogen a s  carrier gas.
H y d ro g e n
C a r r i e r
P r e s s u r e
(p s i )
H
(m m )
N o rm a liz e d  
H (m m )
U
(c m /s )
N
15 0.26 0.27 48.1 15000
17 0.26 0.26 61.0 16000
20 0.27 0.27 70.9 15000
25 0.31 0.31 87 .0 13000
30 0.36 0.37 104.2 10000
35 0.43 0.43 120.5 9000
40 0.49 0.49 133.3 8000
45 0.58 0.58 151.5 7000
3 0
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F igure 1.8: Model M200 microchip gas  chrom atograph Golay plots using 
hydrogen a s  carrier gas.
From the above data, it can  be generalized that the DB-5 (or OV-73) 
capillary column is more efficient than the DB-1701 (or OV-1701) column, 
since the former has  a  higher theoretical plate num ber when using both 
hydrogen and  helium a s  carrier g ases. However, due to its lower viscosity, the 
u se  of hydrogen carrier g a s  results in higher velocities which can result in 
faster ana lyses or shorter analyses times. Overall, both colum ns w ere m ore 
efficient w hen helium w as used  a s  the carrier g as  than when hydrogen w as 
used, since  the theoretical plate num bers w ere generally higher with helium 
a s  carrier g a s  than with hydrogen.
T he retention time and peak a rea  stability of the instrument w ere 
a s se s se d  by performing replicate injections of the six-com ponent standard  
mixture (100 ppmv each  of propane through octane, in nitrogen) on both 
colum ns in the m anual injection m ode under com puter control, using M2001 
software (1.18). Table 1.6 lists the retention tim es for both colum ns at 40° 
C.while table 1.7 lists the peak  a reas  for both columns, also  at 40° C. The 
relative standard  deviations for the retention times on both colum ns a re  less  
than 0 .2% for all the stan d ard s w hose peaks show ed up (the propane peak  
w as covered under the air peak). The peak  a rea  precision w as not a s  good but 
w as generally satisfactory especially for the early eluting hydrocarbons, up to 
hexane. Chang et al. (1.5) used  a  five-component standard  mixture of volatile 
organic com pounds at th ree  different concentration levels of 1, 6 and  10 ppmv, 
and observed  increased  reproducibility with increasing volatility and  analyte 
concentration.
T able 1.6: Retention time reproducibility of a  model M200 g as  analyzer at an 
isothermal column tem perature of 40° C and an injection time of 200 m s at a  
column head pressure of 20 psi helium.
OV-73 C o lum n OV-1701 C o lu m n
Avg*
R .T .(s)
S T D E V RSD % Avg*
R .T .(s)
S T D E V RSD %
Butane 10.28 0.00 < 0.1 10.80 0.00 < 0.1
P en tane 14.24 0.00 < 0.1 14.32 0.00 < 0.1
H exane 23.88 0.00 < 0.1 23.08 0.00 < 0.1
H eptane 47.39 0.02 < 0.1 44.63 0.02 < 0.1
Octane 104.17 0.05 < 0.1 97.35 0.14 0.1
‘Average of three replicates "Average of three re plicates
T able 1.7: Peak area reproducibility of a  model M200 gas analyzer at an 
isothermal column tem perature of 40° C and an injection time of 200 m s at a  
column head  pressure of 20 psi helium.
OV-73 C o lu m n OV-1701 C o lu m n
Avg*
A re a
(m V s)
S T D E V RSD %
Avg*
A re a
(m V s)
S T D E V RSD %
Butane 295.41 2.02 0.7 126.88 1.44 1.1
P en tane 135.34 3.81 2.8 120.26 3.99 3.3
H exane 191.34 14.19 7.4 127.21 8.95 7.0
H eptane 94.23 10.97 11.2 59.89 6.44 10.8
Octane 39.86 8.14 20.4 28.53 4.64 16.3
•Average of three replicates •Average of three replicates
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T he linearity of the microchip g a s  chrom atograph w as a s s e s s e d  by 
making five replicate injections of a  50.5 ppmv benzene standard  at each  of 
20, 50, 100, 200 and  250 m s injection time valve settings. Plotted calibration 
curves of average peak  a rea  versus injection time for both colum ns A and B 
(figure 1.9). T h ese  linear curves show  that the instrument has a  linear 
relationship with th e  am ount of sam ple injected. According to the 
m anufacturer's recom m endations (1.1), the microchip g as  chrom atograph has  
a  linear dynamic range of 105 ±5% with a  minimum detectable  quantity of 1 
ppmv. Lee et al (1.4), observed a linear range of the miniature thermal 
conductivity detector from 1 ppmv to 100%.
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F igure 1.9: Model M200 microchip gas chrom atograph calibration curves at 
25 psi helium head  pressure using a 50 ppmv benzene standard.
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The effect of colum n tem perature on retention time and  resolution w as 
evaluated  by injecting fixed am ounts of a  seven-com ponen t s tandard  
(com posed of bu tane, pen tane, hexane, hep tane, octane, carbon tetrachloride 
and  b en zen e  a t a  concentration level of 10 ppm v each) onto the microchip g a s  
chrom atograph and  varying the column tem perature  from 40° C to 120° C, at a  
constan t helium h ead  p ressu re  of 20  psi. T he d a ta  on tab le  1.8 and  the 
resulting cu rves on figure 1.10 for the  OV-73 nonpolar column show  a  m arked 
d e c re a se  of the  retention tim es with increased  column tem perature. T he d a ta  
a lso  show s the high sp e e d  of analysis possible with the  M200 , especially  at 
h igher tem peratu res. B enzene and  carbon tetrachloride co-elute at all 
tem p era tu res  from 40° C to 120° C, while h ep tan e  co-elu tes with them  (carbon 
tetrachloride and  benzene) at tem peratu res from 100° C to 120° C on th e  OV- 
73 colum n. However, b en zen e  and  carbon tetrachloride a re  fully resolved from 
e ach  o ther on th e  m oderately polar column (OV-1701) at tem pera tu res  below 
60° C (refer to table 1.9 and  figure 1.11), suggesting  that the OV-1701 column 
is m ore selective for th e se  com pounds under th e se  conditions. T h e se  results 
clearly dem onstra te  the  usefu lness of having two colum ns with varying polarity 
available in th e  M200 for making positive identifications of unknown volatile 
organic com pounds which would otherw ise be  difficult to identify on a  single 
colum n.
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T able 1.8: Observed data for the effect of tem perature on retention time using 
an OV-73 capillary column operated at a  helium carrier gas  pressure of 20 psi.
Column 
Temp. (°C)
40 60
Avg 
R.T. (s)
STDEV RSD % Avg 
R.T. (s)
STDEV RSD %
P entane 12.01 0.02 0.2 9.93 0.13 1.3
H exane 21.41 0.04 0.2 14.89 0.25 1.6
CCI4 Plus 
B enzene
34.61 0.04 0.1 21.84 0.40 1.8
H eptane 45.52 0.06 0.1 26.41 0.53 2.0
O ctane 106.83 0.08 0.1 52.93 1.12 2.1
Butane co-eluted wit h the air and water peaks.
Column 
Temp. (°C)
80 100
Avg 
R.T. (s)
STDEV RSD % Avg 
R.T. (s)
STDEV RSD %
H exane 11.35 0.30 2.6 9.25 0.22 2.3
CCI4 Plus 
B enzene
15.21 0.42 2.8 11.56 0.28 2.5
H eptane 17.19 0.49 2.9 12.43 0.32 2.6
O ctane 29.59 0.95 3.2 18.61 0.53 2.8
Propane, bu 
peaks.
tane and pentane co-eluted with the air and water
Column 
Temp. (°C)
120
Avg 
R.T. (s)
STDEV RSD %
CCI4 Plus 
B enzene
9.45 0.17 1.8
H eptane 9.45 0.17 1.8
O ctane 13.20 0.29 2.2
Propane, bu 
co-eluted wit
ane, pentane and hexane 
h the air and water peaks.
Av
er
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e 
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F ig u re  1.10: Effect of tem perature on retention time for a  nonpolar capillary 
column (OV-73) at 20 psi helium head  pressure.
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T able 1.9: O bserved data for the effect of tem perature on retention time using 
an OV-1701 capillary column operated at a  helium carrier gas p ressu re  of 20 
psi.
Column 
Temp. (°C)
40 60
Avg 
R.T. (s)
STDEV RSD % Avg 
R.T. (s)
STDEV RSD %
Butane 10.11 0.02 0.2 10.12 0.00 < 0.1
P en tan e 13.61 0.02 0.1 13.62 0.02 0.2
H exane 22.84 0.00 < 0.1 16.53 0.02 0.1
CCI4 42.39 0.02 < 0.1 26.59 0.04 0.1
H eptane 45.83 0.02 < 0.1 27.43 0.04 0.1
B enzene 50.55 0.02 < 0.1 30.48 0.06 0.2
O ctane 103.27 0.08 0.1 52.09 0.13 0.3
Propane co-eluted wi th the air and water peaks.
Column 
Temp. (°C)
80 100
Avg 
R.T. (s)
STDEV RSD % Avg 
R.T. (s)
STDEV RSD %
P en tan e 10.80 0.00 < 0.1 9.85 0.02 0.2
H exane 13.51 0.02 0.1 12.00 0.00 < 0.1
CCI4 P lus
C7 H16 19.20 0.03 0.2 15.41 0.02 0.1
B enzene 21.24 0.03 0.2 16.64 0.03 0.2
O ctane 31.09 0.10 0.3 21.52 0.06 0.3
Propane and butane co-eluted with t he air and water peaks.
Column 
Temp. (°C)
120
Avg 
R.T. (s)
STDEV RSD %
CCI4 Plus 
C7H16
13.44 0.00 < 0.1
B enzene 14.21 0.02 0.1
O ctane 16.79 0.04 0.2
Propane, butane, pen tane and 
co-eluted with the air and wate
hexane 
r peaks.
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1.6 SUMMARY AND CONCLUSIONS
M odels M 200 and  P 200  dual-colum n m icrochip g a s  ch rom atographs 
a re  truly portable an d  useful rapid screen in g  dev ices  that can  produce 
valuab le  information about volatile organic com pounds in the 
env ironm ent.T hese  instrum ents can  provide in d ependen t or sim ultaneous 
a n a ly se s  using efficient narrow -bore capillary colum ns of different polarity and  
yield detection  limits of slightly less  than  1 ppmv. T he m odel M200 can  be 
o p era ted  m anually  while both m odels (M200 and  P200) can  b e  o p era ted  
under th e  control of a  u se r friendly softw are program . Although so m e  versions 
of the  EZChrom softw are p ack ag e  limit the maximum analytical run tim e to 100 
s  (1.5), which m ay ham per efforts to analyze  com plex sam p le  m ixtures of 
environm ental interest, the  M2001 softw are p ack ag e  (1.18) provides an  
analytical run tim e (255 s) similar to that provided by th e  built-in front panel 
com puter, which therefore allev iates this problem.
T he effective plate count for th e  4 m long x 0.1 mm i.d. capillary colum ns 
w ere found to be  abou t 20,000  p lates, using a  peak  with an  a v e rag e  capacity  
ratio (partition ratio) of abou t 2.2. This co rresp o n d s to an effective plate count 
of abou t 5 ,000 p la tes per m eter. In e s se n c e , such  a  colum n efficiency justifies 
the  u se  of short capillary colum ns in portable G C 's for fa s te r  analysis sp e e d  a s  
this efficiency of abou t 20,000  p lates, is equivalent to that provided by an  8 m 
long x 0 .22  mm i.d. capillary column; a  10 m long x 0 .32 mm i.d. capillary 
colum n, or a  20 m long x 0 .53  mm i.d. capillary colum n (1.21). Of cou rse , the  
sm aller inside d iam eter of 0.1 mm i.d. colum ns a re  restricted  to a  sm all sam ple  
s ize  before the  colum n overloads. In addition, so m e  c a re  is required in the  
sam p le  injection into a  0.1 mm i.d. colum n to en su re  the  sam p le  is introduced 
a s  a  sh a rp  band  a t the  colum n h ead . On the m odel M 200/P200 m icrochip g as
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chromatograph, this condition is well taken care of by using a low dead 
volume solid-state injector.
The retention time stability of the model M200 microchip GC w as found 
to be quite satisfactory, with a  relative standard deviation of less than 0 .2%.
The peak area  precision was not as  good but was generally found to degrade 
with increasing retention of the solute.
The advantage of having two GC's in the microchip gas  chromatograph 
w as dem onstrated to result in improved selectivity when analyzing compounds 
that co-elute on a  non polar column (carbon tetrachloride and benzene) that 
were completely resolved by a moderately polar column.
C H A P TE R  2
TEMPERATURE-PROGRAMMING WITH A MICROCHIP GAS
CHROMATOGRAPH
4 3
2.1 INTRODUCTION
Program m ed-tem perature sam ple elution in g a s  chrom atography (GC) 
is required when isotherm al elution tim es are  too long, for exam ple, when the 
sam ple  com ponents have a  wide boiling tem perature range. The technique of 
changing column tem perature during a  GC analysis w as first realized by 
Griffiths, Ja m e s  and Phillips (2.1) a s  early a s  1952 when they sta ted  that: "With 
a  mixture containing com ponents with a  wide range of boiling points, the  later 
com ponents tend to sp read  them selves out to give long bands of low 
concentration. This can  be overcom e by varying the tem perature". Thus, 
com m ercial laboratory-based G C’s m anufactured in the 1960's included crude 
rudim entary tem perature controllers, such as, clock-motor driven 
potentiom eters to change the column oven se t tem perature, at a  constant rate. 
Later, electronically controlled tem perature program m ers that u sed  plug-in 
resistors to se t one or m ore tem perature-program m ing rates and  hold tim es for 
multiramp profiles w ere introduced. The earliest digitally controlled G C 's used  
thum bw heel sw itches to define tem perature profiles and  th e se  w ere the  first 
instrum ents to reproduce a  tem perature program precisely (2.2). Using 
sophisticated softw are routines, modern G C's enab le  u sers  to control column 
tem peratu res to within hundredths of a  degree, yielding retention tim e 
reproducibilities of 0.02 m inutes (1.2 s) or less (2.3). There a re  detailed 
surveys and  reviews (2 .2 , 2.3, 2.4) on program m ed-tem perature GC, so  here 
we consider the  sco p e  for using the thermal factor in portable g as  
chrom atographs.
Although program m ed-tem perature GC is the m ost widely used  
technique in m odern g a s  chrom atography (2.4), it is not available for u se  with 
portable G C's. O ne of the m any reasons commonly advanced  for this anom aly 
is that tem perature-program m ing in a  portable GC would increase  the energy
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requirem ents of th ese  instrum ents which would in turn limit their u se  in the 
field due  to the ab sen ce  of a  sufficiently powerful pow er supply. Tem perature- 
program m ing, particularly with a portable microchip g as  chrom atograph 
(microchip GC) p o sses  a  further challenge in that, unlike the  traditional GC, the 
portable microchip g as  chrom atographic GC system  h a s  no moving parts due 
to its low therm al m ass. This implies that, for exam ple, the GC oven h a s  no 
motorized fan or vent to accelera te  the cooling of the oven a t the end  of a 
tem perature ramp. Thus the oven in the portable GC h a s  to cool down on its 
own in order to return to the  initial starting tem perature. Furtherm ore, since 
m ost of th e se  portable instrum ents have short run tim es (on the order of 60 s), 
making them tem perature program m able would therefore, require heating 
ra tes  that a re  far faster than those used for traditional laboratory-based 
instrum ents. This in turn implies an  even higher energy input requirem ent.
Thus, portable G C 's on the market today, including th e  model M200 microchip 
GC, can  only be operated in an isotherm al tem perature m ode. However, 
although it has  been  said  (2.4) that the best separation  of two closely sp aced  
p eaks is probably obtained under isothermal conditions, tem perature- 
programming h as  been  shown to improve the  detection limit of a  traditional 
g as  chrom atograph, a s  well a s  the deg ree  of separation for su b stan ces  w hose 
boiling tem peratu res differ widely (2.3).
T he objective of this study w as to investigate, a s  well a s  dem onstrate  
the sco p e  for using the thermal factor (tem perature-program m ing) with a  
portable model M200 microchip GC, which has so  far not been  dem onstrated .
It w as a lso  our hope that this approach would allow us to increase the  peak  
concentration in a band and  hence to obtain better limits of detection. This 
would enab le  us to reduce the analysis time and  therefore increase  th e  peak
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capacity of the late eluting volatile organic com pounds that can be analyzed 
using this portable instrument, within a  reasonable time period.
2.2 MATERIALS AND METHODS
Our first attem pt to introduce tem perature-program m ing to the model 
M200 microchip GC involved modifying the column oven so  that the heating 
elem ent w as replaced with that com posed of a  tw o-stage thermoelectric cooler 
(TEC m odels CP 1.4-127-045, Melcor Materials Electronic Products 
Corporation, Trenton, NJ, USA). The resulting column oven had a  tem perature 
range of -2° to 80° C. Tem perature ramping rates of up to 1.5° C/s were 
achieved, using this facility, depending on how well the thermoelectric coolers 
w ere insulated. However, due to the relatively low upper tem perature limit of 
the thermoelectric cooler (the solder material on the TEC melts at 135° C), this 
concept w as abandoned  in preference for a  resistively heated  column heater. 
However, this led to the realization that since the model M200 microchip GC 
provides isotherm al-tem perature controlled columns, much of the  facility for 
tem perature programming was already in place. Originally, the M200 design 
specifications had included support for tem perature-program m ing capability. 
However, this feature w as dropped before the M200 went into production. In 
order to activate the tem perature-program m ing capability, som e modifications 
of the M200 hardw are and firmware w ere n ecessary  and th ese  a re  outlined 
below:
2.2.1 Firmware C hanges (2.5, 2.6)
To support tem perature programming, a  num ber of changes w ere m ade 
to the firmware (software) program. The m icroprocessor program, APROG 
version 11.4, supplied with the M200 (APROG resides in the 27C128 erasab le
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program m able read only memory (EPROM) mounted a s  U32 on the M200's 
main electronics board) w as modified to assum e the new role of tem perature 
ramping in addition to isothermal tem perature control. In this process, a  new 
version method param eters window w as created (APROG version 25.3).
2.2.2 Hardware C hanges
1. P rocessor  (2.5, 2.6)
APROG version 25.3 required an Intel 80C51 / FA microcontroller 
instead of the Intel 8031 used in a  standard M200. For the injection timing to 
work properly, a 11.059 MHz clock (as is the standard for an M200) w as used 
with the new m icroprocessor.
No additional external memory beyond what w as already provided for a  
standard  M200 w as required for APROG version 25.3.
2. Column Heater
The short run times of the microchip GC im posed severe  dem ands on 
the column h eater when tem perature programming w as required. Under 
isothermal operation, heater power w as not a s  critical for the highly insulated 
column on the current instrument design. However, for effective tem perature 
programming to occur with the microchip GC, taking into consideration its short 
run times, column heating rates on the order of 1° C/s w ere required. The 
standard  M200 column heater configuration was not capable of reliably 
controlling heating rates above 0.7° C/s at tem peratures beyond 80° C. An 
extra column heater added to the column module (so a s  to sandwich the 
capillary column) allowed program m ed-tem perature heating rates of 1° C/s, 
using an M200 power supply of 15 volts with a  current rating of at least 3 
am ps. With this modification, program m ed-tem perature runs at 1° C/s could be
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performed from an initial tem perature of 40° up to a  final tem perature of 140°
C. Cool down times for the columns, between runs, were on the order of 15 
minutes.
2.2.3 Description of Temperature-Programming
Tem perature-program m ing w as implemented a s  part of the M200's 
"run" state. For each  column, the programming delay w as multiplied by 100, 
stored a s  a  count of the num ber of data points (at 100 pts/s) that m ust be 
acquired before beginning to raise the column tem perature. W hen the num ber 
of data  points had been  acquired, the column tem perature w as raised by 
1/100 of the  programming rate every time a  data point w as acquired. When the 
column tem perature reached the final tem perature, it w as not raised any more, 
but held constant. When the runtime expired or the M200 w as reset, the 
column tem perature w as se t to the initial value. No validity checking w as 
performed on the initial column tem perature, final column tem perature, 
tem perature-program m ing delay or tem perature-program m ing rate; all were 
considered to be unsigned integers.
Each module may have its own tem perature program. Graphically, a  
tem perature program may be represented a s  depicted on figure 2.1 (2.3,2.6):
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Figure 2.1: G eneral tem perature program
Complex tem perature program s (e.g. delay-ramp-hold-ramp, etc.) were 
not supported. Also, there w as no provision for detecting a  failure of a  column 
to reach the final tem perature in the predicted time. The param eters of the 
tem perature program s of each module were set independently on a  method 
window and are  described below.
1. Initial Temperature
"Initial Temperature" was treated just a s  "Column Temperature" in the 
standard method. When tem perature programming w as activated, the M200 
sought to maintain the column at “Initial Temperature" w henever it w as idle, 
had been reset, had just been turned on, or w as just waiting for the 
tem perature programming delay to elapse. The M2001 software (2.5) would 
not begin a  new acquisition unless the actual column tem perature w as within 
1° C of “Initial Temperature". If one attem pted to se t "Initial Temperature" 
higher than "Final Temperature", "Final Temperature" would increase a s  
necessary  to prevent its becoming less than "Initial Temperature".
2. Final Temperature
"Final Temperature" w as the column tem perature that the M200 would 
attem pt to maintain at the end of a tem perature program accom plished within 
an acquisition. "Final Temperature" was maintained until either the runtime 
expired or the M200 w as reset (either from a  reset command on the computer 
panel or from the instrument's front panel). If one attem pted to decrease  the 
"Final Temperature" below the "Initial Temperature", the "Initial Temperature" 
would decrease  a s  necessary  to prevent its becoming greater than "Final 
Temperature".
3. Temperature Programming Rate
"Tem perature Program m ing Rate" w as the rate, in ° C/s, a t which the  M200 
would attem pt to raise the column tem perature from "Initial Tem perature" to 
"Final Tem perature" after the tem perature program m ing delay  had  e lapsed .
T he tim e dom ain over which the tem perature  ro se  would b e  a t least
final te m p  - in itial te m p  . .................... .. , ,-------------- r ratQ-------------- 11, in seconds. It would be  longer if the  ra te  specified
w as g rea te r than that a t which the  column tem p era tu res  could actually be  
driven. If the  runtime expired or a  rese t occured before the  final tem perature 
w as reached , the tem peratu re  program  w as cancelled  and  the M200 
attem pted  to return the column to "Initial Tem perature".
4. Temperature Programming Delay
T he colum n would be  m aintained at "Initial Tem perature" after injection 
for the  num ber of seco n d s  specified in the  "Tem perature Program m ing Delay".
5. Isothermal Operation
While there w as no explicit "off/on" setting for tem perature  
program m ing, an  isotherm al operation w as equivalent to a  num ber of special 
tem pera tu re  program m ing c a se s . In particular, one  could d isab le  tem peratu re  
program m ing by any  of the  following strategies:
• Setting the  initial and  final tem p era tu res  to b e  equal.
• Setting the  tem perature program m ing rate  to 0 .0  0 C/s.
• Setting the  tem perature program m ing delay to 255 s.
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2.3 RESULTS AND DISCUSSION
2.3.1 Temperature Control
B ecause of the short runtimes obtained with 4 m long x 0.1 mm internal 
diam eter fused-silica capillary columns, column heating rates m ust be on the 
order of 1° C/s for effective temperature-programming. The standard M200 
column heaters provided insufficient power for achieving these  heating rates 
over an appreciable tem perature range. At low tem peratures (90° C and 
below), when the thermal gradients between the column and its surroundings 
are small, the standard M200 heaters w ere supplied with enough power to 
keep up with the required heating rate. At higher tem peratures, the am ount of 
power supplied by the 15 volt power supply w as insufficient to enable the 
standard M200 heaters maintain the required heating rate and tem perature 
control w as lost. Under such conditions external phenom ena, namely 
limitations of the power supply, the heating capacity of the column oven and 
the effectiveness of the column insulation, determine the possible heating rate. 
An important param eter then is at what point does the instrument lose 
tem perature control.
Figures 2.2 and 2.3 show the column temperature-programming profiles 
a s  a  function of time for a  typical M200 column, at heating rates of 0.7° C/s and 
1.0° C/s, respectively. In figures 2.2 and 2.3, one GC module (channel A) was 
mounted with two standard heaters while the other module (channel B) had 
one standard heater. The initial and final tem peratures in both ca se s  were set 
at 40° C to 140° C, respectively, with a 10 s  ramping delay. Using a ramping 
rate of 0.7° C/s, the standard M200 module (module with one heater) lost 
tem perature control at about 110° C while that with two standard heaters 
maintained a steady tem perature ramp up to a set final tem perature of 140° C.
On using a  tem perature ramping rate of 1.0° C, the module with one standard
heater lost tem perature control at about 80° C, while that with two standard 
heaters lost tem perature control at about 100° C. Thus, the GC module with 
two standard heaters controls tem perature better than the one with one 
standard heater, at tem perature ramping rates on the order of 1.0° C/s. The 
main point here is that tem perature control w as maintained better by a  GC 
module with two standard heaters than one with one standard heater, at a  
constant temperature-programming rate. Nevertheless, the modifications 
allowed ballistic temperature-programming at effective ramping rates on the 
order of 1.0° C/s, up to tem peratures in the 140° C range.
Improving the thermal insulation around the columns would reduce the 
am ount of power required to maintain column tem perature during 
tem perature-program m ing. However, improved insulation would substantially 
increase the time required for the column to cool down to the initial set 
tem perature. This would in turn further increase the analysis time 
unnecessarily, unless an active method for cooling the column were 
introduced.
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Figure 2.2: M200 temperature-programming profiles at a  heating rate of 0.7° 
C/s using one and two heaters, respectively.
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Figure 2.3: M200 tem perature-programming profiles at a  heating rate of 1.0° 
C/s using one and two heaters, respectively.
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2.3.2 Reproducibility
Direct observation of column tem perature show ed less  than 0.1° C 
variations in column tem perature between successive runs. This show ed that 
the column tem perature sen so r w as heated  properly. The column heater 
elem ents are placed under a  circular copper plate onto which a  spiral GC 
column is wound and tem perature senso r wires are  attached. An important 
question w as w hether the reproducibility of the observed tem perature ramp 
translated into reproducible column tem peratures and thus retention times. 
Replicate analyses of a  mixture of n-alkanes under the sam e tem perature 
conditions ad d ressed  this question. High precision for the retention tim es of a 
series  of 100 ppmv n-alkanes from n-butane through n-octane in nitrogen, 
indicated that the colum ns w ere being heated  reproducibly. From the retention 
tim es shown in tables 2.1 and 2.2, it is observed that the module A column 
(OV-73) with tw o-standard hea ters  had a  higher precision (relative standard 
deviations of about 0.1%) than module B (OV-1701) which had one-standard 
h ea ter (relative standard deviations of about 0.5%). Overall, it w as observed 
that retention time reproducibility w as better during isothermal runs (a relative 
standard  deviation of less than 0 .1%) than during tem perature programming, 
and that the reproducibility provided by a  tw o-standard heater column module 
approaches that of an isothermal run, especially at low tem peratures.
Therefore, retention time precision w as not significantly degraded in 
tem perature-program m ed chrom atogram s com pared with isothermal 
chrom atogram s. Furthermore, th ese  results em phasize the need  for very fast 
tem perature programming rates when using 4 m x 0.1 mm internal diam eter 
microbore high resolution capillary columns.
There w as a  question a s  to whether it w as proper to m ake the next 
tem perature-program m ed analysis immediately after the column tem perature
reading on the M200 status window indicated that it had reached the initial 
tem perature. The results in table 2.3 addressed  this question. In this case, 
replicate analyses were m ade at least 5 minutes after the tem perature scale 
on the M200 status window indicated that it had reached the initial 
tem perature ( a  total waiting time of about 20 minutes between runs, since it 
took about 15 minutes for the column tem perature to return to initial 
tem perature after a  tem perature-program m ed run). From the observed data on 
table 2.3, the relative standard deviations of the retention times were more 
similar in both chromatographic modules A and B and both approached the 
precision obtained during an isothermal run. This suggests that one gets a 
better retention time precision when the column ovens are given more time to 
equilibrate after returning to initial temperature. This was consistent with the 
fact that the microchip GC ovens have no moving parts and consequently 
cooling involves slow heat dissipation through the thermal insulation.
In an effort to reduce the analysis time during program m ed-tem perature 
runs using a  microchip GC, module A column oven w as partially opened to 
enable faster column cooling after a run by using a  fan. Replicate analyses 
were conducted to determine the effect on retention time reproducibility. Using 
a  fan to cool the column oven, the time required for the oven to return to the 
initial tem perature w as reduced from about 15 minutes to about 10 minutes. 
From the observed retention time data on table 2.4, the precision of the data 
was surprisingly better than during an isothermal run, let alone, better than 
during a  normal program m ed-tem perature run with an insulated column oven.
Another aspect investigated during these  tem perature-program m ed 
analyses w as the reproducibility of the peak a reas  of the 100 ppmv sam ple 
mixture of n-alkanes. Tables 2.5 and 2.6 show a comparison of the peak a reas 
during isothermal and tem perature programmed runs for both column modules
A and B, respectively. T he peak  a re a s  for hexane, h ep tan e  and  o ctane which 
a re  far rem oved from the  high baseline c au se d  by the air and  w ater peaks 
w ere further analyzed. The reproducibility of th e  peak  a re a s  of th e se  
com pounds w as observed  to generally d e c re a se  with retention, from a  relative 
s tandard  deviation of about 7%  for h exane  to a s  much a s  20%  for octane, 
during an  isotherm al run on both m odules A and B. However, th e  precision in 
peak  a re a s  of the  th ree  com pounds w as greatly improved (relative standard  
deviations of le ss  than 2%) on both colum ns during tem peratu re  programming.
T ab le  2.1: Reproducibility of tem perature-program m ed retention tim es on an 
M200 OV-73 capillary column using M2001 softw are (n = 3).
I s o th e rm a l  (40°) T e m p e r a tu r e -
P r o g ra m m e d *
A vg
R .T .(s )
S T D E V RSD % A vg
R .T .(s )
S T D E V RSD  %
B utane 10.28 0.00 < 0.1 10.28 0.00 < 0.1
P e n ta n e 14.24 0.00 < 0.1 14.24 0.00 <0.1
H exane 23 .88 0.00 < 0.1 23 .37 0.02 0.1
H eptane 47 .39 0.02 < 0.1 40.51 0.02 0.1
O ctane 104.17 0.05 < 0.1 64.33 0.02 < 0.1
*40° C to 140° C a t G .7° C/S.
T a b le  2 .2: Reproducibility of tem perature-program m ed retention tim es on an 
M200 OV-1701 capillary column using M2001 softw are (n = 3).
I s o th e rm a l  (40°) T e m p e r a tu r e -
P r o g ra m m e d *
A vg
R .T .(s )
S T D E V RSD % A vg
R .T .(s )
S T D E V RSD %
B utane 10.80 0.00 < 0.1 10.77 0.02 0.2
P e n ta n e 14.32 0.00 < 0.1 14.24 0.07 0.5
H ex an e 23 .08 0.00 < 0.1 22 .67 0.13 0.6
H ep tan e 44 .63 0.02 < 0.1 40.28 0.28 0.7
O ctane 97.35 0.14 0.1 66.99 0.34 0.5
*40° C to 140° C at 0 .7° C/S.
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Table 2.3: Reproducibility of tem perature-program m ed retention times on 
M200 OV-73 and OV-1701 capillary columns with analyses separated  by 20 
minutes, using M2001 software (n = 3).
•Tem perature-  
Programmed (OV-73)
•Temperatui  
Programmed (O1V-1701)
Avg
R.T.(s)
STDEV RSD % Avg
R.T.(s)
STDEV RSD %
Butane 10.24 0.00 < 0.1 10.83 0.02 0.2
P en tane 14.27 0.02 0.2 14.35 0.02 0.2
H exane 23.45 0.02 0.1 22.97 0.02 0.1
H eptane 40.67 0.02 0.1 40.88 0.04 0.1
O ctane 64.60 0.00 < 0.1 67.76 0.08 0.1
*40° C to 140° C at 0 .7° C/s.
Table 2.4: Reproducibility of tem perature-program m ed retention times on an 
M200 OV-73 capillary column with column oven partially open and cooled by 
a  fan after the analysis, using M2001 software (n = 3).
•Tem perature-  
Programmed (OV-73)
Avg
R.T.(s)
STDEV RSD %
Butane 10.32 0.00 < 0.1
P en tane 14.28 0.00 < 0.1
H exane 23.20 0.00 < 0.1
H eptane 41.04 0.00 < 0.1
Octane 65.43 0.02 < 0.1
*40° C to 140° C at 0 .7° C/s.
5 8
Table 2.5: Reproducibility of tem perature-program m ed peak  a re a s  on an 
M200 OV-73 capillary column using M2001 software (n = 3).
Isothermal (40°) T em p eratu re-
Program m ed*
Avg
Area
(m V s)
STDEV RSD % Avg
Area
(m Vs)
STDEV RSD %
B utane 295.41 2.02 0.7 162.31 4.02 2.5
P en tan e 135.34 3.81 2.8 138.84 1.08 0.8
H exane 191.34 14.19 7.4 211.31 3.77 1.8
H eptane 94 .23 10.97 11.6 121.23 0.65 0.5
O ctane 39.86 8.14 20.4 69.47 0.95 1.4
*40° C to 140° C a t O .7° C/S.
Table 2.6: Reproducibility of tem perature-program m ed peak  a re a s  on an 
OV-1701 capillary column using M2001 software (n = 3).
Isothermal (40°) T em perature-
Program m ed*
Avg
Area
(m V s)
STDEV RSD % Avg
Area
(m Vs)
STDEV RSD %
B utane 126.88 1.44 1.1 128.71 1.06 0.8
P en tan e 120.26 3.99 3.3 86.44 0.24 0.3
H exane 127.21 8.95 7.0 135.96 1.46 1.1
H eptane 59.89 6.44 10.7 73.74 1.18 1.6
O ctane 28.53 4.64 16.3 39.43 0.55 1.4
*40° C to  1 4 0 °C  at 0.7° C/s.
The availability of an ad eq u a te  power supply is important if tem perature 
control is to be m aintained while operating at a  heating rate of 1.0° C/s. P eak  
pow er requirem ents could approach 25 watts. U se of inadequate  power 
supplies h as  been  show n (refer to chapter 4) to c a u se  wider retention time 
shifts, for com pounds eluting after about 80 s, at heating rates of 1.0° C/s 
com pared with the  standard  heating rate of 0.7° C/s. T he late eluters,
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especially, show  retention time shifts of up to about 10 s, a  rem arkable shift on 
th e  time sca le  of microchip g as  chrom atography.
2.3.3. A d vantages of Fast Temperature Programming
T he benefits of rapid tem peratu re  program m ing with a  microchip GC, 
using M2001 software, a re  evident from table 2 .7  (from th e  replicates on tab les  
2.1, 2.2, 2.5 and  2.6), a s  regards increased  retention tim es and  peak  a reas .
Thus, depending  on the tem peratu re  program  used , the  retention tim es can  be  
reduced  by about 2%  for hexane to a s  much a s  30%  for octane. The 
instrum ent response , m easu red  in term s of peak  area , can  be  increased  by 
about 10% for h ex an e  to a s  much as , 40%  for octane.
Table 2.7: Effect of microchip GC tem perature-program m ing on the  retention 
tim e and peak  a re a
% D ecrease  in R.T. % Increase in Peak  
A rea
O V -73
C olum n
O V -1701
C olum n
O V -73
Colum n
O V -1701
C olum n
H exane 2.1 1.8 10.4 6.9
H ep tan e 14.5 9.7 28.7 23.1
O ctane 38.2 31.2 74.3 38.2
T em perature Program  = 40° C to 140° C at 0.7° C/s.
Show n on figure 2.4 a re  typical isotherm al (top) and  tem perature-program m ed 
(bottom) chrom atogram s of a  mixture of normal a lkanes a s  eluted by the 
microchip GC. T he reduced  retention tim e and  increased  peak  a re a  tran sla te s  
directly into improved detection limits for later eluting com pounds like h ep tan e  
and  octane. C onsequently , late eluting volatile organic com pounds w hose 
p eak s  would not otherw ise b e  observed , a re  easily  eluted.
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F ig u re  2.4: Isotherm al v ersu s  tem perature-program m ing on a  m odel M200 
microchip GC.
Isothermal G as Chrom atographic C onditions for figure 2.4
Column Tem perature = 40° C
Capillary Column = 4 m x 0.1 mm x 0.4 pm OV-73 stationary phase. 
Injection Time = 255 ms.
Carrier g as  head  p ressu re  = 20 psi helium 
Sam ple = 100 ppmv mixture of p ropane to octane.
Tem perature-Program m ed G as C hrom atographic C onditions for 
figure 2.4.
Column Tem perature = 40°-140° C, at 0.7° C/s, with a  10 s delay time. 
Capillary Column = 4 m x 0.1 mm x 0.4 pm OV-73 stationary phase. 
Injection Time = 255 ms.
Carrier g as  head  p ressure  = 20 psi helium.
Sam ple = 100 ppmv mixture of propane to octane.
2.3.4. M easurem ent of Separation Number and R esolution
To evaluate how well the model M200 microchip GC capillary colum ns 
sep a ra te  particular pairs of peaks under a  particular se t of conditions, the 
separation num ber (Trennzal Number or TZ) betw een three pairs of normal 
hydrocarbons w as m easured . The separation num bers during isotherm al and 
tem perature-program m ed analyses, for the OV-73 and OV-1701 capillary 
colum ns, w ere com pared so  a s  to a s s e s s  what hap p en s to resolution during 
the  two m odes of operation.
The separation  num ber w as calculated using equation 1 (2.7):
-r z = - . (t R(x + l)  -  tpQp )  , m
( W i / 2 (x + 1) + W 1/2(x }) ™
where tR(X) is the retention time of the first peak and tR(X + -j) is that of the 
second peak of the homolog. Similarly, W-\/2{x) and w i/2(x + 1) are  tha Paak 
widths at half height of the first and second peak in the homolog, respectively. 
The separation num ber is defined a s  the number of peaks which could be 
placed betw een two peaks of a  normal hydrocarbon homologous series in 
which the calculation has been performed.
Resolution w as calculated from its relationship with the separation 
num ber which is defined a s  in equation 2 (2.7):
R = 1.177 T Z + 1.177 (2)
where R is the resolution and TZ is the calculated separation number.
Table 2.8 shows the average calculated separation num bers and 
resolution for the three pairs of hydrocarbons, during an isothermal and 
tem perature-program m ed analysis, using an OV-73 capillary column. 
Similarly, table 2.9 show s the calculated separation num bers and resolution 
during an isothermal and tem perature-program m ed analysis, using an OV- 
1701 capillary column.
T able 2.8: Com parison of separation num ber (TZ) and resolution (R) 
betw een an isothermal and tem perature-program m ed analysis on an OV-73 
capillary column (n = 4).
Isothermal at 40° C
Tem perature-program m ed
at
*40° C to 140° C a t  1.0° C/s.
pen tane
to
hexane
hexane
to
hep tane
heptane
to
octane
pen tane
to
h exane
hexane
to
hep tane
hep tane
to
octane
Average TZ 8 16 25 10 17 23
Average R 11 20 30 13 22 28
Total TZ 
from 
pentane to 
octane
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Table 2.9: Comparison of separation num ber (TZ) and resolution (R) 
betw een an isothermal and tem perature-program m ed analysis on an OV-1701 
capillary column (n -  4)._________________________________________________
Isothermal at 40° C
Tem perature-program m ed
at
*40° C to 140° C a t  1.0° C/s.
pen tane
to
hexane
hexane
to
heptane
hep tane
to
octane
pen tane
to
hexane
hexane
to
h ep tan e
hep tane
to
octane
Average TZ 9 17 22 8 14 18
Average R 12 21 28 10 18 23
Total TZ 
from 
pentane to 
octane
48 40
From the data in tables 2.8 and 2.9, it can be infered that under the 
conditions of the analyses, there was no significant difference in the 
separation num bers and resolution for the isothermal and tem perature- 
programmed analyses, using a  model M200 microchip GC. This observation is 
based  on the data from both the OV-73 and OV-1701 capillary columns. The 
total separation num bers from pentane to octane, which are  not significantly 
different during an isothermal and tem perature-program m ed analysis indicate 
that at least 40 to 50 peaks can be resolved between pentane and octane on 
the OV-73 and OV-1701 capillary columns, respectively.
The signal-to-noise ratio for the octane peak w as estim ated to be about 
100 during an isothermal analysis at a  column tem perature of 40° C and about 
300 during a  tem perature-program m ed analysis at a  column tem perature set 
at 40° C to 140° C, at a rate of 1.0° C/s. This enhanced signal-to-noise ratio 
translates directly into lower detection limits during tem perature-program m ed 
analyses.
2.4. SUMMARY AND CONCLUSIONS
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Introduction of a  program m ed-tem perature m odel M200 microchip GC 
although resulting in a  slight in crease  in the  pow er requirem ents of the 
instrum ent (about 6-7 w atts extra power), can b e  u sed  to increase  the peak  
capacity, especially  for th e  high m olecular weight volatile organic com pounds 
that can  b e  analyzed  by this instrum ent. In e s se n c e , tem perature-program m ing 
with a  portable microchip GC w as found not to interfere with the  high 
resolution offered by the  0.1 mm i.d. capillary colum ns. Furtherm ore, 
p rogram m ed-tem perature microchip g a s  chrom atography can a lso  be u sed  to 
lower th e  detection limit and  thereby increase  the  sensitivity of the  microchip 
GC, due to an increase  in the  signal - to - noise ratio upon tem perature- 
program m ing. It should also  be pointed out here  that for the sa k e  of not 
increasing th e  analysis time unnecessarily , tem perature-program m ing with a 
microchip GC should not be used  for the  analysis of simple, early eluting 
volatile organic com pounds that do not require a  tem perature-program m ed 
oven. This is b e c a u se  admittedly, tem perature-program m ing with a  microchip 
GC results in an  inherent increase  in the analysis time. This is due  to th e  fact 
that o n ce  th e  colum n oven has  been  h ea ted  to a  final se t tem perature , it h a s  to 
cool down to the  initial se t tem perature, on its own, before ano ther sam ple  is 
analyzed . This cool down period, which is not acce lera ted  a s  in the  c a s e  of a  
traditional GC that has  a  fan and  an  exhaust vent, lasts for abou t 15 m inutes. 
T herefore it is recom m ended that tem perature-program m ing be u sed  only in 
the  c a s e s  w here th e  sam ple  is com posed  of com pounds with widely differing 
boiling tem pera tu res . With such a  sam ple, the  p eak s  the  for late eluting 
com pounds, which would not otherw ise be observed , a re  elu ted  with an
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enhanced or higher signal to noise ratio in addition to a  reduction in their 
retention times.
C H A PTER  3
SAMPLE CONCENTRATION TECHNIQUES WITH A WORKING 
MICROCHIP GAS CHROMATOGRAPHIC SETUP
6 6
3.1 IN TR O D U C TIO N
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B ecause of the relatively low concentrations of volatile organic 
contam inants in ambient air (part per billion range), and the correspondingly 
high detection limit of the microchip gas  chromatograph (1 part per million 
range) (3.1), m easurem ent of these  contaminants using this instrument 
requires a concentration step  before the actual analysis. The most frequently 
used m ethods of organic vapor analysis using the microchip gas 
chromatograph (microchip GC) are the direct sampling method (3.2, 3.3, 3.4) 
in which the air sam ple is collected using a Tedlar bag or som e other suitable 
container and sam pled directly into the microchip GC for analysis. Direct 
sampling m ethods have som e inherent detection problems in that organic 
contam inants in the part per billion concentration range cannot be detected 
due to the high detection limit of the microchip GC.
Another method which involves the use of an external sam ple 
concentrator w as developed at LSU's Institute for Environmental Studies (IES) 
(3.5, 3.6, 3.7, 3.8). In this method, a  large air sam ple (500 mL) is passed  
through a stainless steel glass-lined tube measuring 11.4 cm long x 1.5 mm
o.d. x 0.7 mm i.d. that is packed with Tenax-GC (80/100 m esh) and 
Spherocarb (a carbon molecular sieve), onto which the air contam inants are 
adsorbed. The adsorbed air contaminants are then desorbed from the 
adsorbent trap by rapid heating, to 240° C for 60 s, and then backflushed with 
a small volume of zero helium (typically, 1-2 mL) into a  gas tight syringe fitted 
with a  Teflon Mininert valve. The small volume of concentrated sam ple is then 
sam pled into the microchip GC for analysis. In this case , the ratio of sam ple 
volume to desorption volume constituted the concentration ratio. Thus, the air
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sam ples w ere concentrated by a  factor of about 500 using this m ethod (500 
mL sam ple desorbed  with 1 mL of zero helium).
Although quite effective in lowering the detection limits of the microchip 
GC (0 .2-1.2 ppbv for the volatile organic com pounds tested), a  frequent 
problem often encountered while using this external concentrator, in air quality 
analysis, w as the relatively large num ber of s tep s  performed prior to analysis 
of the concentrated sam ple. Another drawback of this m ethod is the fact that 
concentrating an air sam ple using a sep ara te  concentrator not directly linked 
to the gas  chrom atograph, implies working with m ore than one instrument, 
which brings about the possibilities of sam ple loss in the p rocess of transfering 
the concentrated sam ple to the gas  chrom atograph for analysis. Since the 
analysis m ust ensu re  that volatile organics be  quantitatively recoverable and 
sufficiently concentrated to provide the necessary  sensitivity, a  new method 
that did not involve external sam ple transfer w as sought.
The use  of an adsorbent trap placed on-line to the g as  chromatographic 
system  circum vents the problem s associated  with a  large num ber of s tep s  
which eventually leads to sam ple loss. In this method, a  known volume of air is 
p assed  through a  tube containing the adsorbent at a  controlled rate. The 
pollutants collected on the adsorbent trap are  thermally desorbed and directly 
injected into a  gas  chrom atograph for analysis. This technique has  been 
previously used  to concentrate a  variety of volatile organic com pounds from 
air. A dsorbents such a s  Tenax-GC porous polymer, Porapak N, and 
Carbosieve B (Supelco, Inc., Bellefonte, Pa, USA) have been  successfully 
used by Russell (3.9), for the analysis of volatile organics in air. In his work, he 
determ ined that Tenax-GC porous polymer (Applied Science Laboratories,
Inc., S tate  College, Pa, USA) w as m ost useful for general purpose 
concentration of organics from air. The high upper tem perature limit of Tenax-
GC (275° C) w as found to facilitate desorption of high boiling compounds, 
such as, hexachlorobenzene and pentachlorophenol. Carbosieve B w as 
found to have the ability to reversibly adsorb com pounds with boiling points 
below am bient tem perature. However, Carbosieve B required high desorption 
tem peratures that could cau se  som e organic compounds to chemically react 
on its catalytic surface (3.9). Brunner et al. used Tenax-GC and Carbosieve B 
a s  concentration adsorbents for the evaluation of air pollution in the work 
place (3.10, 3.11) and also conducted a  study on the mutual influence on each 
other, of trapped organic compounds on their breakthrough volumes (3.12). 
However, it is important to stress here that most of the above mentioned 
am bient air analyses using solid adsorbents were conducted in conjunction 
with traditional laboratory based  gas chrom atographs that use long fused- 
silica capillary columns (1 0 -3 0  m). In short, none of the on-line concentration 
techniques, be it cryotrapping or concentration with an adsorbent trap, had 
been investigated using a microchip GC prior to this study. Thus, the possibility 
of adding an on-line concentration step  in the microchip GC w as investigated 
in this study a s  a  m eans of achieving lower detection limits on this instrument. 
The on-line concentration steps investigated included both cryotrapping with a  
cold trap or that based  on the use of a  general purpose adsorbent, Tenax-GC.
3.2 MATERIALS AND METHODS
Working Microchip Gas Chromatographic System  Setup
To investigate the possibility of lowering the detection limit of the 
microchip GC, we set up a  gas chromatographic system  that mimicked the 
model M200 microchip GC, a s  much a s  w as possible. Its schem atic diagram is 
shown on figure 3.1.
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Figure 3.1: Schem atic diagram of the working microchip gas 
chromatographic setup.
The working or experimental microchip GC consisted of the following 
apparatus:
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1. An M200 solid-state injection system with its manifold (Microsensor 
Technology Inc., Analytical Instruments, Fremont, California, USA) w as 
connected to a  4 m long x 0.32 mm fused-silica capillary column using a  
fused silica universal press tight connector (Restek Corporation, 
Bellefonte, Pa, USA). The column was coated with a 1.0 pm thick DB-5 
stationary phase, and used at ambient tem perature. The sam ple loop 
on the solid-state injector was loaded at ambient pressure using a 12V 
dc m em brane diaphragm vacuum pump (model A, Gilian Instrument 
Corp., Wayne, NJ, USA), which had a no-load rating of 2 liters per 
minute and a  maximum suction load of 7 psi.
2. A 10.6 eV photoionization detector on a 10S50 Photovac gas 
chromatograph (Photovac International Inc., Deer Park, NY, USA).
3. An in-house fabricated electronic sequencer or timing board to control 
the solid-state injector microvaives and the m em brane vacuum pump, 
through a  Tandy 200 computer.
4. A Tandy 200 portable computer (Radio Shack, A Division of Tandy 
Corporation, Fort Worth, Texas, USA).
5. An unheated flame ionization detector, obtained from a model 5840A 
Hewlett Packard gas chromatograph (Pato Alto, California, USA).
6 . A model 3390A Hewlett Packard integrator (Palo Alto, California, USA) 
which was connected to the analog output of a photoionization 
detector and or a  flame ionization detector.
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Using the working microchip GC system  described above, the 
experim ents that follow were performed. All were aimed at improving or 
lowering the detection limit of the model M200 microchip GC. The particular 
instrumentation used  in each case  is shown in a  schem atic diagram following 
each experiment.
The volatile organic compound standards used for testing the different 
configurations of the microchip GC in the experiments that follow were 
prepared using the methods described in section 1.44 of chapter 1.
3.2.1 On-column Cryogenic Trapping at the Head of the Analytical
C olum n.
On-column cryogenic traps are  often employed a s  on/off valves for 
analyte flow in gas chromatography (3.13). In this technique, the carrier gas 
p asses  through the cryotrap while the analytes are retained in a  narrow zone. 
Typical applications are in column switching (3.14), refocussing of analytes 
released from thermodesorption, headspace or purge and trap analysis (3.15- 
3.18). Cooling to sub-am bient tem peratures is usually effected with liquid 
carbon dioxide or liquid nitrogen (3.19-3.20). This procedure is based  on the 
fact that when a gaseous dilute sam ple mixture containing volatile organic 
com ponents is passed  through a  cooled tube immersed in a  cryogenic liquid, 
the vapors of the analytes to be removed condense on the cold wall of the trap. 
At sufficiently low flow rates, the residual concentration of a  condensable 
com ponent is determined only by its vapor pressure in relation to the total 
pressure (3.21, 3.22). When the tem perature of this cold tubing is rapidly 
raised, by flash resistance heating, the condensed analytes are then released 
and can be swept out of the analytical column by an inert carrier gas. A 
quantitative description of the actual trapping process by this procedure was 
outside our objective and w as therefore not addressed. However, the
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cryotrapping process is rather complex and is well docum ented elsew here 
(3.23). Thus, in this experiment, about 2.54 cm of the head of the analytical 
column (the cryotrap) w as cooled to -196° C with liquid nitrogen for a  period of 
one minute. This was then followed by making a series of 100 m s injections of 
the 1 ppmv benzene standard which would supposedly accum ulate in the 
cryotrap. After loading the cryotrap, it was rapidly heated to about 150° C using 
30.5 cm of gauge K-30 thermocouple wire (Omega Engineering, Inc.,
Stamford, Connecticut, USA) wrapped around it and powered by a  variable 
power supply, so a s  to release the trapped sam ple for separation by the 
column and finally detection by the detector. Another m ethod of loading the 
cryotrap w as employed. This involved making a single large injection of the 1 
ppmv benzene standard into the column with a  cooled cryotrap (about 2.54 cm 
of the head  of the analytical column) with the analyte expected to condense 
into the cryotrap. A series of large injection times ranging from 200 ms to 500 
ms were used to allow a plug of sam ple standard into the cryotrap. The loaded 
cryotrap was then rapidly heated to desorb the analytes for separation and 
detection. The peak a reas  obtained using a  cryotrap w ere com pared to those 
obtained during a 100 m s injection without the use of a  cryotrap. A 
photoionization detector set at a  gain of ten was used to detect the column 
effluents separated  by a  4 m x 0.32 mm x 1.0 pm DB-5 fused-silica capillary 
column that w as coated with a 1.0 pm thick DB-5 stationary phase. A model 
3390A Hewlett Packard integrator which w as connected to the analog output 
of the photoionization detector w as used to integrate the peaks. A Tandy 
computer, connected through an in-house fabricated m icroprocessor based  
sequencer board to the working microchip GC was used for sam ple valve, 
injection valve, switch valve and vacuum pump manipulations of the GC 
system. An injection pressure of 30 psi helium from an independent source,
w as controlled independent of the carrier p re ssu re  which w as se t to give a  
flowrate of 3 mL/minute. Helium w as used  a s  m ake-up g a s  to a  total of 10 
mL/minute a t the photoionization detector. Figure 3.2 below show s the 
instrum entation schem atic diagram  used  in this exercise.
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Figure 3.2: Schem atic  diagram  for the ap p ara tu s  u sed  in on-colum n 
cryogenic trapping.
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3.2.2 O n-line C ryogen ic Trapping on a S ta in le ss  S teel Tube
Situated B etw een the Sw itch Valve on the Manifold and the  
Sam ple Loop on the Solid -S tate Injector.
A second  cryotrapping m ethod w as evaluated. In this m ethod, the
cryotrap w as p laced in such a  way that cryotrapping took p lace prior to
injecting the  concen tra ted  sam ple  analytes. This cryotrap w as placed on a
sam ple  line connecting the sam ple loop in the solid-state injector and the
switch valve, a s  show n on the schem atic diagram  on figure 3.3. A
photoionization detecto r se t at a  gain of ten w as used  to detect th e  column
effluents from a  4 m x 0.32 mm x 1.0 jim DB-5 fused-silica capillary column. A
m odel 3390A  integrator which w as connected  to the  analog  output of the
photoionization detecto r w as used  to integrate the peaks. Helium w as used  as
carrier g a s  a t a  flowrate of 3 mL/minute and a s  m ake-up g a s  to a  total of 10
mL/minute at th e  photoionization detector. Liquid nitrogen, a t a  tem perature of
-196° C w as used  to cool about 2 .54  cm of the sta in less steel sam ple tube (the
cryotrap) connecting the  injection switch valve on the manifold and  sam ple
loop in the so lid-state injector, for a  period of one minute, prior to loading the
cryotrap with 1 mL of th e  1 ppmv sam ple. T he cryotrap w as h eated  to about
150° C for a  period of about one minute using 30.5 cm of g au g e  K-30
therm ocouple wire (O m ega Engineering, Inc., Stam ford, Connecticut, USA)
w rapped around it an d  pow ered by a  variable pow er supply, prior to making
the injection. A sam ple  mixture consisting of 1 ppm v each  of p ropane through
octane, normal hydrocarbons, w as used.
T he m icrovalves, switch valve and  vacuum  pum p described  below were
m anipulated by the  m icroprocessor b a se d  seq u en ce r board to enab le  th e
microchip GC system  inject an appropriate sam ple  plug into the analytical
column. T he sam ple valve is an  open/close valve that allows the sam ple to be
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sucked into the sam ple loop of the solid-state injector by the  vacuum  pump.
T he switching valve controls the sam ple flow to the vacuum  pum p or the 
backflushing of the sam ple loop with the  carrier g a s  during the  injection 
process. The injection valve is an  open/close microvalve in th e  solid-state 
injector that controls the  am ount of sam ple plug going into th e  analytical 
column for separation and  detection.
The following tabulated injection time seq u e n c e s  w ere program m ed 
into the electronics seq u en cer board, through a  Tandy com puter, for 
microvalve and  vacuum  pump m anipulations. This w as to enab le  the working 
microchip GC system  m ake a  100 m s Injection, using a  60 psi injection 
p ressu re  at an injection delay time of 100 ms.
i. Sam ple injection without cryogenic trapping___________________________
V alve___________________ S ta r t  a t  (s)_____________ S to p  a t  (s)
S am p le  0.0 5.0
Vacuum Pum p 0.0 5.0
Injection 5.2 5.3
Switch 5.01 5 .375
ii. 1 mL sam ple loading onto the cryogenic trap
V alve S ta r t  a t  (s) S to p  a t  (s)
S am p le 0.0 5.0
Vacuum Pum p 0.0 5.0
Injection 0.0 0.0
Switch 0.0 0.0
After the above events, the cryogenic trap w as rapidly h ea ted  to 190° C 
followed by a  100 m s injection depicted by the following seq u en ce:
iii. Sample injection from the cryogenic trap into the analytical column
V alve S ta r t  a t  (s ) S to p  a t  (s)
S am p le 0.0 0.0
Vacuum Pum p 0.0 0.0
Injection 5.2 5.3
Switch 5.01 5.375
Note that the cryogenic trap w as pressurized by the switch valve at an 
independently controlled p ressu re  of 60 psi for 100 m s prior to making the 
injection.
A schem atic diagram  of the working microchip GC instrumentation used  
in this exercise is shown on figure 3.3.
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Figure 3.3: Schem atic diagram  of the  ap p ara tu s  used  during cryogenic 
trapping on a  stain less stee l tube with liquid nitrogen.
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3.2.3 On-line Concentration with a Micro Tenax-GC Trap
The g a s  chrom atographic conditions, peak  integration and detection 
used  in this exercise  w ere similar to those  used  during cryogenic trapping. A 
4.0 cm long microtrap w as packed with about 2  mg of Tenax-G C of 60/80 
m esh  size. The microtrap w as loaded with sam ple mixture at room 
tem perature and then rapidly h eated  to desorb  the sam ple, by about 30.5 cm 
of gauge  K-30 therm ocouple wire (O m ega Engineering, Inc., Stamford, 
Connecticut, USA) w rapped around it and  powered by a  variable power 
supply. A sam ple mixture consisting of 1 ppmv each  of propane through 
octane and another consisting 1 ppmv each  of acetone, benzene, toluene, 
ch lorobenzene and  brom obenzene w ere used.
The following injection seq u e n c es  w ere program m ed into the electronics 
seq u en cer or timing board, through a  Tandy com puter, for microvalve and 
vacuum  pump manipulation.
i. Sam ple injection without concentration onto the trap
Valve Start at (s) Stop at (s)
S am p le 0.0 5.0
Vacuum Pum p 0.0 5.0
Injection 5.2 5.3
Switch 5.01 5.375
ii. 5mL sam ple loading onto the adsorben t trap
Valve Start at (s) Stop at (s)
S am p le 0.0 65.0
Vacuum Pum p 0.0 65.0
Injection 0.0 0.0
Switch 0.0 0.0
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After the above event, the adsorbent trap w as rapidly heated  to 190° C 
followed by a  100 m s injection depicted by the following sequence:
iii. Sam ple injection from the Tenax-GC trap into the analytical column.
V alve S ta rt  a t  (s) S to p  a t  (s)
S am p le 0.0 0.0
Vacuum Pump 0.0 0.0
Injection 5.2 5.3
Switch 5.01 5.375
Note that the  adsorbent trap w as pressurized by the switch valve at an 
independently controlled pressure of 60 psi for 100 m s prior to making the 
injection.
It is important to note here that a  60/80 m esh size Tenax-GC w as 
em ployed since the 80/100 m esh size Tenax-GC proved to be difficult to p ass  
sam ple through, a s  a  result of the very fine grain size which presented  a  rather 
large p ressure  drop for the Gilian model A vacuum pump employed. The 
Tenax-GC trap w as loaded in one direction.using two Gilian model A vacuum 
pum ps that w ere connected in series, while injection or desorption from the 
trap w as m ade backflushing the trap. The two Gilian vacuum pum ps provided 
sam ple flowrates through the trap at a  flowrate of about 5 mL/minute.
Schem atic diagram s of the interfaced Tenax-GC microtrap and its 
dim ensions, and  that of the instrumentation used  in this exercise a re  shown on 
figures 3.4 and 3.5, respectively.
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Figure 3.4: Schem atic diagram of the Tenax-GC microtrap interfaced 
between the injection switch valve and the sam ple loop in the solid-state 
injector.
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Figure 3.5: Schem atic diagram of the apparatus used during concentration 
with a  4.0 cm Tenax-GC microtrap.
3.2.4 Flow C haracteristics of the M200 Solid-State Injector with 
and Without a Tenax-GC Microtrap.
O ne of the param eters studied in this work involved the behavior of the 
microchip G C 's solid-state injection system  when the column and injection 
p ressu res  are  regulated from the sam e source using the sam e pressure 
regulator a s  is the case  in the model M200 microchip GC. In this configuration, 
increasing the carrier p ressu re  increases both the injection and column 
flowrates. This behavior w as studied so  a s  to appreciate how the carrier g a s  is 
manipulated by this system , m ore so, with the inclusion of an on-line 
adsorbent trap into the microchip GC. It w as thought that the addition of an on­
line microtrap would in turn reduce the am ount of sam ple plug that is injected 
in the capillary columns. Thus, it w as necessary  to exam ine the behavior of the 
sam ple plug that is injected into the columns in the p resence or ab sen ce  of an 
on-line microtrap. This exercise w as performed to try to estim ate the  change in 
the sam ple plug, if any, resulting from the addition of an on-line microtrap. In 
our efforts to estim ate this phenom enon, we therefore m easured  the  following 
param eters:
i. Helium carrier gas  flowrates through a  4 m x 0.1 mm x 0.4 pm OV-73 
capillary column at various microchip GC column head pressures, with 
and  without the on-line microtrap.
ii. Helium carrier gas  flowrates through the sam ple valve (vent flow), with 
and without the on-line microtrap.
iii. Column flowrates when the injection valve is left open so a s  to simulate 
a  continuous injection. This w as to ascertain how much increase in 
column flowrate is a s  a  result of an injection plug.
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iv. F low rates through an  independent m icrotrap, a t various colum n h ead  
p re ssu re s  w hen not connected  to a  microchip GC system .
3.2 .5  Effect of Increasing th e  Injection Delay Time or 
Increasing the Sam ple Loop P ressu rin g  Tim e on th e  
D etector R e sp o n se  (M easured in term s of Peak Area).
T h e objective of this exerc ise  w as to  estim ate  the  behavior of th e
m icrochip G C 's so lid-state injection system  a s  the  p ressuring  of th e  sam p le
loop, prior to  m aking an  injection, w as increased . For this exercise , w e u sed  a
microchip G C injection system  without an  analytical colum n. This w as  directly
co n n ec ted  to  an  FID on a  traditional g a s  chrom atograph (a m odel 5980A
Hewlett P ackard) by a  30.5 cm long p iece of 0 .25 mm i.d. deactivated  fused-
silica capillary colum n. This se tu p  w as o p era ted  at a  hydrogen carrier h ead
p re ssu re  of 20psi. A 50 ppm v h ex an e  standard , in zero  helium, w as u sed  a s
solute. P eak  a re a s  w ere m easu red  a t 50 m s, 100 m s and  250 m s injection
tim es, using 3 s  and  5 s  sam pling tim es, respectively. P eak  a re a
m ea su rem en ts  w ere conducted  at sam ple  loop pressuring  tim es that w ere
progressively  increased  from 100 m s to 700 m s, respectively. It w as  h oped  that
this ex e rc ise  would estab lish  the  minimum injection delay  tim e required to
inject th e  optimum sam ple  at a  particular injection time. A schem atic  diagram
of the  instrum entation used  is show n on figure 3.6.
3.2 .6  Increasing th e  Injection P ressu re  at a C on stan t Colum n  
H ead P ressu re .
It is claim ed by the  m anufacturers of the microchip GC (MTI) tha t the  
flow restrictors p laced  a t the h ead  of th e  analytical and  reference  colum ns, in 
the  so lid -sta te  injector, en ab le  the injection of a  narrow  plug of sam ple  through 
the  switch valve. However, it is unclear a s  to w hat p re ssu re  differential is
crea ted  by th e se  flow restrictors and  w hether it can  be  further increased  to 
en ab le  even larger sam ple plugs to be  injected. Thus, this exercise  w as 
perform ed a s  an  investigation to find out what h ap p en s when the injection 
p ressu re  differential is increased  to a  setting that is g reater than that of 2-3 psi, 
specified by th e  m anufacturer. Therefore, this experim ent involved m easuring 
the 250 m s injection detecto r re sp o n ses, of a  50 ppmv h exane  sam ple, a s  the 
injection p re ssu re  w as being progressively increased , independent of the 
carrier g as. Hydrogen w as u sed  a s  the carrier g as  at a  p ressu re  of 20 psi. T he 
solid-state injection system  setup  with its manifold w as directly connected  to 
an  FID on a m odel 5880A Hewlett Packard GC, using a  30.5 cm long 0.25 mm
i.d. p iece of deactivated  fused-silica. A schem atic diagram  of the 
instrum entation used  is show n on figure 3.6.
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Figure 3.6: Schem atic diagram  of the  ap p ara tu s  u sed  for experim ents 
involving a  microchip GC system  without an  analytical column.
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3.2.7 Interfacing the Model M200 M icrochip G as Chromatograph to
an Ambient Air FID Detector
T he model M200 microchip GC u ses  a  miniaturized high perform ance 
therm al conductivity detector (TCD). The miniaturized TCD h as  a  higher 
sensitivity a s  com pared to a  conventional TCD, due to its low d ead  volume of 
20 nL and a  tim e constant of 10 ms. The TCD being a  universal detector 
responds to both air and w ater vapor a s  they elute from the capillary column. 
Thus, during the analysis of air sam ples, the TCD show s huge peaks 
corresponding to air and water, which often m ask those  of light voc's. As a  
result, the  p eaks of light voc's a re  usually obscured  by those  of air and  water. 
Therefore we decided to add  a  flame ionization detector to the  microchip GC, 
connected after the TCD, in series. This w as achieved by combining the 
reference and analytical column vents exiting from the TCD, using a  zero  dead 
volume Universal Y -Press Tight C onnector (R estek Corporation, Bellefonte,
PA, USA). The analytical and reference column flows w ere com bined b ecau se  
the flow from the analytical column alone would not support the  flame at the 
maximum hydrogen carrier p ressure. A schem atic diagram of the 
instrum entation used  is shown on figure 3.7.
A schem atic diagram of the interfaced am bient air FID is also  shown on 
figure 3.8. This FID consisted of a  BNC connector that w as connected  to a  
Hewlett Packard electrom eter and  an in-house fabricated amplifier. The 
hydrogen carrier g a s  from the  com bined analytical and  reference capillary 
colum ns w as used  a s  the flame fuel, using atm ospheric air a s  the oxidant. This 
flame w as then placed in betw een the positive and negative term inals of the 
BNC connector, w here ionization of the sam ple com ponents took place.
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Figure 3.7: Schem atic diagram for interfacing the M200 TCD to an  am bient 
air FID, in series.
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3.3 RESULTS AND DISCUSSION
3.3.1 On-column Cryogenic Trapping at the Head of the
Analytical Column
The concept of on-column cryogenic trapping at the head of the 
analytical column on a  microchip GC w as addressed. Table 3.1 (top) shows 
the concentration factors obtained by cryotrapping up to a  total of five 100 ms 
injections onto the analytical column that had a  small portion (about 2.54 cm) 
of the column head, cooled with liquid nitrogen while loading the cryotrap and 
then flash heated, by resistance heating, so a s  to release the condensed 
material. The column with zero focussing represents the 100 m s injection 
without using the cryotrap which w as used as the detector response without 
cryotrapping. Only a  maximum concentration factor of six times was obtained 
on focussing a  total of five 100 ms injections. Observing the obtained peaks 
showed that not all the analyte was condensed out using one cryotrap.
Depending on the desorption heating rate, not all the condensed material was 
released at the sam e time while this cryotrap was continuously swept by 
carrier gas. The use of one cryotrap resulted in the condensed analyte 
breaking through the cryotrap before it w as flash heated. The bottom portion of 
table 3.1 shows the concentration factors obtained by loading the cryotrap with 
a  single large injection (200 m s - 500 ms) prior to flash heating it. From this 
bottom portion of table 3.1, it is observed that even lesser concentration factors 
(1.2 to 1.5 increase in peak area) were obtained com pared to those obtained 
by loading the cryotrap using multiple 100 ms injection times. In this case, the 
cryotrap becam e even less effective as  it w as loaded with a  larger volume of 
material to condense than in the previous case. Brenninkmeijer (3.22) in his 
work with cryogenic traps, also noted that in most applications, cryogenic
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trapping with one cold loop is less effective and that it w as necessary  to 
employ multiple loops. Thus, cryotrapping at the head  of the analytical using a  
microchip GC w as abandoned a s  it proved not to be feasible. The use of 
multiple loops w as not addressed  in our work a s  it w as not practical with the 
microchip GC system.
Table 3.1: Detector response before and after on-column cryogenic trapping 
using a  1 ppmv benzene standard (n = 3).
# of 100 ms 
Injections 
Focussed for 
120 s
0 1 2 3 4 5
A verage 
Area (mVs)
76.0 69.7 151.0 235.7 316.1 427.9
STDEV 1.5 1.8 0.6 14.9 16.7 7.6
% RSD 2.0 2.6 0.4 6.3 5.3 1.8
Cone. Factor 1 1 2 3 4 6
Injection 
Time of 
Focussed 
S am ple
Unfocu­
ssed  
100 ms 
Injection
200 ms 300 ms 400 ms 500 ms
Average 
Area (mVs)
76.0 94.1 96.1 107.6 111.6
STDEV 1.5 1.1 1.1 11.7 0.9
% RSD 2.0 1.2 1.2 10.8 0.8
Cone. Factor 0 1.2 1.3 1.4 1.5
3.3.2 On-line Cryogenic Trapping on a S ta in less Steel Tube
Situated Between the Switch Valve on the Manifold and the  
Sample Loop on the Solid-State Injector
The results on table 3.2 show the detector response (in term s of peak
areas) for 100 m s injections of an unconcentrated 1 ppmv sam ple mixture
consisting of propane through octane, while those on table 3.3 show  the effect
of concentrating 1 mL of the sam e sam ple and then making 100 m s injections
of the  concentrate . A graphical com parison of the  detector re sp o n se s  obtained 
before and  after cryogenic trapping is depicted  a s  a  bar graph on figure 3.9.
An injection p ressu re  of 60 psi helium from an independent source , in this 
c a se , w as controlled independent of the carrier p ressu re .
Table 3.2: D etector re sp o n se  before cryogenic trapping.
C om p ou n d
N a m e
B u tan e P e n ta n e H e x a n e H ep ta n e O ctan e
R.T. (s) 13.2 16.2 25 .8 51.6 121.8
A rea C ounts 2 3 4 0 2 0 2 3 2 6 1 0 2 2 7 2 4 0 2 9 1 4 5 0 2 9 0 6 3 0
A rea C ounts 2 3 3 7 3 0 2 3 2 0 4 0 2 3 1 7 8 0 2 9 0 8 3 0 2 9 6 4 7 0
A rea C ounts 2 3 0 2 0 0 2 2 7 9 6 0 2 2 9 8 2 0 2 9 8 3 4 0 2 8 5 7 1 0
A rea C ounts 2 3 5 5 9 0 2 4 8 1 6 0 2 4 2 3 4 0 2 9 1 3 1 0 2 7 2 2 5 0
A rea C ounts 2 3 5 2 0 0 2 4 1 3 2 0 2 3 5 1 6 0 2 8 2 6 8 0 2 5 3 9 0 0
A veraqe A rea 2 3 3 7 4 8 2 3 6 4 1 8 2 3 3 2 6 8 2 9 0 9 2 2 2 7 9 7 9 2
STDEV 2131 8172 5838 5554 17014
% RSD 1 3 2 2 6
Table 3.3: D etector re sp o n se  after cryogenic trapping.
C om p ou n d
N a m e
B u tan e P e n ta n e H e x a n e H ep ta n e O cta n e
R.T. (s) 13.2 16.2 25 .8 50.4 118.2
A rea C ounts 58 6 3 4 0 0 13129000 16636000 2 8 9 9 7 0 0 0 2 5 4 3 9 0 0 0
Area C ounts 6 2 2 5 0 0 0 11453000 14080000 2 1 8 2 9 0 0 0 14529000
A rea C ounts 7 2 4 5 2 0 0 11804000 12597000 16123000 16621000
A rea C ounts 6 0 6 7 2 0 0 11162000 13575000 15938000 12798000
Area C ounts 6 4 7 1 2 0 0 12049000 15068000 18463000 14169000
A verage Area 6 3 7 4 4 0 0 11919400 14391200 2 0 2 7 0 0 0 0 16711200
STDEV 535135 7 5 5 7 1 6 1539429 54 2 7 2 4 8 5 0 6 7 5 5 7
% RSD 8 6 11 2 7 3 0
Cone. Factor 27 50 62 7 0 6 0
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Figure 3.9: Bar graph show ing the  concentration of hydrocarbons by 
cryogenic trapping on a  s ta in less  steel sam ple  line situated  betw een  the solid- 
s ta te  injector and  th e  switch valve on the manifold.
It is evident from the above data  that under the conditions of this 
experim ent, cryogenic trapping lowers the detection limit of the microchip GC 
setup  considerably. This is in view of the  increasing concentration factors that 
range from 27 for butane to 60 for octane, respectively. The reproducibility of 
th e  microchip GC setup  without cryotrapping is satisfactory considering the fact 
that the g a s  chrom atographic system  w as not heated  from the injection port 
through the sam ple lines up to the  analytical column, a s  is normal practice with 
traditional g a s  chrom atographs. However, the reproducibility of th e  d a ta  during 
cryotrapping w as not a s  good, a s  shown by the relative standard  deviations 
which, a s  expected, increase with retention. The reason for this rather large 
variability could b e  due to the fact that only a  small portion (approximately 0.1 
|iL) of the cryotrapped sam ple, is actually injected into the analytical column 
during a  100 m s injection. This then implies that m ost of the concentrated 
sam ple is lost due to the smsll dim ensions of the microchip GC sam ple loop. 
T he other possible source  of poor reproducibility during our cryotrapping 
procedure could be due to the inefficiency of the cryotrap. Our main interest in 
trying this procedure w as to find a  m ethod for lowering the detection limit of the 
microchip GC, without compromising its portability. This portability is one  of the 
major attractions of this instrument apart from its high sp eed  of analysis and 
en h an ced  selectivity. Thus, on-line cryotrapping on a  stain less steel tube a s  in 
this procedure w as discontinued, a t this point. The use  of liquid nitrogen for 
cryogenic trapping would imply having a  sep a ra te  container for th e  cryogenic 
liquid, thereby increasing the  bulk of the  instrument and diminishing its overall 
portability.
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3.3.3 On-line Concentration with a Micro Tenax-GC Trap.
3 .3 .3 .1  Concentration of Som e Normal H ydrocarbons
on a 4.0 cm  Tenax-GC Microtrap.
The results shown on table 3.4 are  the re sp o n ses  for 100 m s injections 
of a  1 ppmv sam ple mixture using an independently controlled injection 
pressu re  of 60 psi helium. Table 3.5 show s the results after concentrating 5 mL 
of a  1 ppmv sam ple mixture on a  Tenax-GC microtrap and making a  100 m s 
injection. A com parison of the  results obtained before and after concentration 
with a  Tenax-GC micro trap are shown a s  a  bar graph on figure 3.10. Figure 
3.11 show s typical chrom atogram s obtained before concentration, after 
concentration and  the baseline after cleaning up the trap before the next run. 
Thus, concentration of a  sam ple of normal alkanes w as achieved using an  on­
line Tenax-G C microtrap. As the data shows, the concentration factors of 
normal a lkanes increased  from about 4 tim es for bu tane to well over 17 for 
octane.T he concentration factors for heptane and octane could not be 
tabulated since  th ese  com pounds were not registered by the detector at the 1 
ppmv concentration level. T hese  results are  consistent with the fact that Tenax- 
GC is not well suited for the concentration of lighter hydrocarbons such a s  
butane and pentane, but well suited for the concentration of hexane through 
octane. There w as no concentration figure for propane since it h as  an 
ionization potential of 12.1 eV and could not be detected  by the  10.6 eV 
photionization detector used for this work.
Table 3.4: D etector re sp o n se  before concentration with a  Tenax-G C  trap.
C om p ou n d
N a m e
B u tan e P e n ta n e H e x a n e H ep ta n e O cta n e
R.T. (s) 33.6 46.2 82.2 178.8 441 .0
A rea C ounts 9 7576 142370 182110 N/D N/D
A rea C ounts 9 9990 147100 180210 N/D N/D
A rea C ounts 98162 143640 187010 N/D N/D
A verage Area 9 8576 144370 183110 N/D N/D
STDEV 1259 2 4 4 8 3 5 0 9 _  _
% RSD 1 2 2
ND implies peak  w as not detected
Table 3.5: D etector re sp o n se  after concentrating 5 mL on a  Tenax-G C  trap.
C om p ou n d
N a m e
B u tan e P e n ta n e H e x a n e H ep ta n e O cta n e
R.T. (s) 33.6 46.2 82.2 178.8 441 .0
A rea C ounts 3 72420 76 0 0 3 0 2 8 8 5 5 0 0 69 9 3 2 0 0 5 2 1 1 1 0 0
A rea C ounts 394620 709880 3 2 4 0 8 0 0 7 1 5 0 5 0 0 5 5 7 4 9 0 0
A rea C ounts 4 68400 88 1 7 0 0 3 3 6 7 6 0 0 7 3 1 5 0 0 0 5 5 6 7 0 0 0
A verage A rea 411813 7 8 3 8 7 0 3 1 6 4 6 3 3 7 1 5 2 9 0 0 5 4 5 1 0 0 0
STDEV 50247 8 8 3 5 6 24 9 9 1 2 160913 2 0 7 7 9 7
% RSD 12 11 8 2 4
Cone. Factor 4 5 17 Unkown Unknown
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Figure 3.10: Bar graph show ing the  concentration of so m e  norm al 
hydrocarbons on a  4 .0  cm Tenax-G C trap  situated  betw een  th e  solid-state 
injector and  th e  switch valve on the manifold, desorbed  at 200° C with an 
external heater, at 60 psi injection p ressure.
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Figure 3.11: A typical chromatogram showing top: Before Concentration; 
middle: After concentrating 5 mL on a Tenax-GC trap; bottom: Blank injection 
after a trap cleanup.
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3 .3 .3 .2  Concentration of Som e Volatile Organic
Com pounds on a 4.0 cm Tenax-GC Microtrap
The results shown on table 3.6 are for the 100 ms injections of a  1 ppmv 
sam ple mixture of volatile organic compounds without concentration. Table 3.7 
show s the results after concentrating 5 mL of the 1 ppmv sam ple mixture on a 
Tenax-GC microtrap and making a 100 ms injection a s  in the case  of normal 
hydrocarbons. A comparison of the results before and after concentration with 
a  Tenax-GC are shown on a  bar graph on figure 3.12. A similar observation of 
increasing concentration with molecular weight is observed on th ese  results.
This is because  acetone which has the lowest molecular weight was 
concentrated only 2 times as compared to 41 times concentration for toluene. 
However, chlorobenzene and brom obenzene had low concentration factors as 
their peaks at the 1 ppm concentration level were hardly recognized by the 
integrator
Table 3.6: Detector response for unconcentrated 1 ppmv voc sam ple.
C om pound
N am e
A ceton e B en zen e T olu en e C hloro­
b e n z e n e
Brom o­
b e n z e n e
R.T.(s) 34.2 94.2 223.8 357.6 429.6
Area Counts 1416700 797270 176130 N/D 627840
Area Counts 1436300 893230 186545 N/D 630640
Area Counts 1554900 1033900 203660 N/D 475980
A verage
A rea
1469300 908133 188778 N/D 578153
STDEV 74777 119017 13900 — . — 88496
% RSD 5 13 7 — — 15
N/D implies peak was not detected.
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Table 3.7: D etector resp o n se  after concentrating 5 mL x 1.0 ppm v sam ple.
C om p ou n d
N a m e
A c eto n e B e n z e n e T o lu e n e C h loro-
b e n z e n e
B rom o-
b e n z e n e
R.T. (s) 34.2 94.2 223 .8 357 .6 429 .6
A rea C ounts 2 2 1 8400 14102000 9 9 6 4 9 0 0 2 0 2 8 8 0 0 3 6 5 2 5 0 0
A rea C ounts 2 0 8 4400 12901000 6 5 7 8 3 0 0 1572800 2 6 0 8 6 0 0
A rea C ounts 2 3 1 3700 13553000 67 1 1 5 0 0 1680300 2 9 6 4 4 0 0
A verage
A rea 2 2 05500 13518667 77 5 1 5 6 7 1760633 3 0 7 5 1 6 7
STDEV 115193 6 01236 1917960 2 3 8 3 7 8 5 3 0 6 9 2
% RSD 5 4 25 14 17
Cone. Factor 2 15 41 Unknown 5
2.0e+7; 
1,8e+7- 
1 .5 e + 7 -
1.2e+7-w
c
O I.O e+7
O
coa> 7.5e+fr 
<
5.0e+6-
2.5e+6-
O.Oe+O
Nam e: A ceto n e  B en zen e  T o lu en e  C hloro- Brom o-
b e n z e n e  b e n z e n e
% RSD 5 4 25  14 17
Figure 3.12: Bar graph showing th e  concentration of so m e volatile organic 
com pounds on a  4.0 cm Tenax-G C trap situated betw een the solid-state 
injector and  the  injection switch valve deso rb ed  at 200° C with an  external 
O m ega heater.
El Area After C oncentration  (5 mL o f 1 ppm v) 
0  Area B efore  C oncentration  
15
2
m
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3.3.4 Flow C haracteristics of the M200 Solid-State Injector with
and Without an On-line Microtrap.
Table 3.8 show s the variation of flowrates on the microchip GC system  
without a  microtrap installed on the  sam ple path while table 3.9 show s the 
sa m e  with a  microtrap installed on the sam ple path, a s  the  head  p ressu re  
increases. On table 3.8, the second column of data  show s the flowrate through 
the capillary column; column th ree  show s the com bined capillary column plus 
injection flowrate; and  column four show s the flowrate through the sam ple inlet 
(venting). On table 3.9, column two show s flowrate data  due  to com bined 
capillary column and  injection p ressure; and column th ree  show s th e  venting 
flowrate variation with a microtrap in place. From the two tables, it is observed  
that at the  operational head  p ressu res  of 15 - 40 psi helium, there w as no 
significant increase in the column flowrate a s  a  result of the injection plug with 
or without the microtrap in place (refer to colum ns th ree on table 3 .8  and 
column two on table 3.9). However, the difference in the  flowrate betw een the 
two g e ts  significant at a  head  p ressu re  of about 45 psi and upw ards.The 
flowrate for the c a se  without a  microtrap increases m ore than in the c a se  with 
a  microtrap, a s  the column head  p ressu re  increases. This in e s se n c e  su g g ests  
that the p resence  of an  on-line microtrap in the GC system  in no w ay affects 
the  s ize  of sam ple plug injected in the capillary column, at column head  
p ressu res  of 15-40 psi, the operational head  pressure range of the  M200 g as  
chrom atograph. However, at column head  p ressu res  from 45 psi and  above, 
there  is a  significant contribution from the injection plug in both cases .
T he flowrates through the sam ple inlet (vent flowrates) in the  ab sen ce  
and p resen ce  of a  microtrap are  significantly different (refer to column num ber 
4 on tab le 3.8 and num ber 3 on table 3.9). Thus, the p resen ce  of an on-line 
microtrap reduces the venting flowrate by about 10 mL/minute at a  head
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pressu re  of 15 psi, to a s  much a s  56 mL/minute at 60 psi ( refer to column 
num ber 4  on table 3.9). This d ec rea se  in the venting flow cau sed  by the 
microtrap increases linearly with column head  p ressu re  a s  shown on the 
graph in figure 3.14. Figure 3.13 is a  com parison of the variation in the flowrate 
through the microtrap when it is not placed on-line in the  microchip GC (data 
shown on table 3.10). This su g g ests  that m ost of the reduction in the carrier 
flowrate is due to the  small sam ple lines on the GC system .
T ab le  3.8: Flow characteristics of the  microchip g a s  chrom atograph system  
without a  microtrap on-line.
W ith o u t M ic ro trap
H e liu m
P r e s s u r e
(p s i )
0.1 m m  
C o lu m n  
O n ly  
(m L /m in )
0.1 m m  
C o lu m n  + 
In je c to r  
(m L /m in )
V en t O nly 
W ith 0 .1m m  
C o lu m n  On 
(m L /m in )
15 0.4 ±<0.1 0.4 ±<0.1 41.8 ± 0 .2
20 0.6 ± < 0.1 0.6 ± < 0.1 60.4 ± 0.5
25 0.9 ±<0.1 1.0 ± 0.1 86.5 ± 1.0
30 1.2 ± < 0.1 1.3 ± 0.1 106.7 ±  1.0
35 1.6 ± < 0.1 1.7 ±<0.1 1 4 1 .0 ±  1.9
40 2.0 ± < 0.1 2.1 ± < 0.1 176.3 ± 0 .8
45 2.4 ±0 .1 2.6 ± 0.1 209.1 ±  1.2
50 2.8 ± < 0.1 3.1 ±0 .1 241.1 ± 1.0
55 3.2 ±0 .1 3.7 ±<0.1 278.9 ± 0.5
60 3.8 ±0 .1 4.3 ±0 .1 321.7 ±  1.9
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Table 3.9: Flow characteristics of the microchip g a s  chrom atograph system  
with a  microtrap on-line.
With Microtrap
H elium
P r e ssu r e
(p s i)
0 .1m m  
Column + 
Injector  
(m L/m in)
Vent Only 
with 0.1 mm 
Column On 
(m L/m in)
Vent flow  
D ifferen ce  
with and  
W ithout 
M icrotrap  
(m L/m in)
15 0.4 ±<0.1 31.4 ± 0 .2 10.4
20 0.6 ± < 0.1 48.1 ± 0 .3 12.3
25 0.9 ±<0.1 66.7 ± 0.3 19.8
30 1.2 ± < 0.1 88.3 ± 0.2 18.4
35 1.6 ± < 0.1 110.8 ± 1.0 30.2
40 2.0 ± < 0.1 137.8 ± 1.6 38.5
45 2.4 ±<0.1 168.1 ± 1.2 41.0
50 2.9 ± 0 .1 199.0 ± 0 .4 42.1
55 3.4 ± 0 .1 228.5 ± 0.3 50.4
60 4.0 ±<0.1 265.4 ± 0.6 56.3
Table 3.10: A verage helium flowrate through the m icrotrap a s  p ressu re  is 
increased .
H elium
P r e ssu r e
(p s i)
5 10 15 20 25 30 35 40 45 50
F low rate
(m L/m in)
53 98 138 183 228 270 3 1 7 367 415 4 5 0
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Figure 3.13: Effect of increasing the  carrier g a s  flowrate through the  
m icrotrap alone and  the difference in venting flow rates with and  without an  on­
line microtrap.
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Figure 3.14: Effect of increasing the  carrier g a s  head  p re ssu re  on the  
difference in venting flow rates with and  without the on-line microtrap.
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3.3.5 Effect of Increasing the Injection Delay Time or Increasing  
the Sam ple Loop Pressurization Time on the D etector  
R esp o n se  (M easured in Term s of Peak Area).
T he effect of increasing the  sam ple  loop pressurization time prior to
making an injection w as ad d ressed . Table 3.11 show s the  d a ta  obtained
during a  variety of injections that w ere m ade at various pre-injection delay
tim es. A graphical representation of this d a ta  is rep resen ted  on figure 3.15.
From this figure, it is evident that for the th ree  different injection tim es m ade
using two different sam pling tim es (time during which the sam ple is allowed to
p a ss  through or fill the  sam ple  loop), the minimum sam ple  loop pressurization
time required prior to making an  injection w as about 300 m s. Increasing this
pre-injection delay  time progressively from 300 m s to 700 m s did not
significantly alter th e  size of the  peak a re a s  obtained. This then  implies that a
minimum sam ple  loop pressurization tim e of about 300 m s is n ecessa ry  during
operation of the  microchip GC that h a s  an on-line microtrap installed. This
result w as how ever, not validated a s  to w hat o ther factors would c au se  it to
ch an g e .
Table 3.11: Effect of increasing the injection delay time on the detector 
resp o n se .
D ela y  
Time (m s)
Injection  
Time (m s) A verage Area C ounts
3 s  
S a m p lin g
5 s  
S a m p lin g
100 50 N/D N/D
100 100 5252 N/D
100 250 12196 14621
200 50 15704 N/D
200 100 46261 37776
200 250 86344 36564
300 50 42878 43584
300 100 75600 72447
300 250 143657 136537
400 50 45640 4 5124
400 100 68848 77484
400 250 132967 127502
500 50 49249 42819
500 100 71196 71049
500 250 140707 134310
700 50 46863 38911
700 100 68761 81321
700 250 127583 1332175
N/D implies that the peak  w as not detected.
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14e + 4
12e + 4  H
1 0 a + 4 H
8 e  + 4
6e  + 4  H
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2e  + 4  H
P
o
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250 m s/3 s  
250 m s/5 s  
100 m s/3 s. 
100 m s/5 s. 
50 m s/3 s. 
50 m s/5 s .
In je c t io n  D e la y  T im e  (m s )
F igure  3.15: Effect of increasing the injection delay time on detector 
response  for three different injection times and two different sam ple times.
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3.3.6 Increasing the Injection Pressure Independent of the Column
Head P ressure.
3 .3 .6 .1  Increasing the Injection Pressure Independent of 
the Column Head Pressure on the Microchip GC.
The effect of increasing the injection p ressure at a  constant carrier head 
p ressu re  of 20 psi w as addressed . Table 3.12 show s the da ta  obtained by 
making 250 m s injections of a  50 ppmv benzene standard at a  progressively 
increasing injection pressure from 15 psi to 60 psi. This microchip GC setup 
had no analytical column and w as directly connected to an FID by a  30.5 cm 
long 0.25 mm i.d. piece of deactivated fused-silica column (schem atic diagram 
on figure 3.6). From the resulting curve on figure 3.16, the detector response 
increased from a head  pressure of 15 psi to a head p ressure of about 24 psi 
w here it started  to level off or remain constant. At a  column head  p ressure of 
about 35 psi, the single benzene peak (main peak) started  splitting, implying 
the em ergence of a  new phenom enon. The split minor peak, which eluted after 
the main peak, increased in size a s  the injection p ressure w as further 
increased. The cau se  for the splitting of the peak could be explained in term s 
of the fact that at an injection pressure far above the column head  pressure, 
the sam ple plug injected in the column initially proceeds in both the  directions 
of the column (towards the detector end and away from the detector). Thus, a  
small portion of the sam ple plug tries to oppose the carrier flow while the rest 
p roceeds in the direction of the detector, resulting in a  split peak  a s  the portion 
that tried to proceed in the opposite direction is finally sw ept tow ards the 
detector by the carrier, thereby reaching the detector behind the rest of the 
sam ple plug. This then results in a  small peak eluting just after the main peak.
Av
era
ge 
Are
a 
Co
un
ts
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Table 3.12: Increasing the injection p ressu re  at a  constant column hydrogen 
pressure of 20 psi (direct injection to a FID, no analytical column) (n = 5).
Injection  
P ressure (psi)
A verage Area 
(Main Peak)
A verage Area 
(Split Peak)
15 384688 N/D
17 779490 N/D
20 1363300 N/D
22 1623720 N/D
25 1914160 N/D
27 1983280 N/D
30 2079900 N/D
32 2147780 N/D
35 2201480 N/D
37 2219359 2209940
40 2264890 2193580
42 2297289 2204320
45 2353844 2235480
47 2405426 2270040
50 2458402 2332180
52 2455056 2342380
55 2480432 2376700
57 2513799 2414120
60 2530634 2436500
N/D implies that the peak w as not detected.
Area Counts
Area Counts (Peak Splitting)
2e+6 -
2e+6 -
2e+6 -
1e+6 -
Oe+O
10 15 35 45 50 55 60 6520 25 30 40
Injection Pressure (psi)
Figure 3.16: Effect of increasing the injection p ressure on peak  a rea  at a  
constant column head  pressure of 20 psi hydrogen carrier gas.
It w as also  n ecessary  to exam ine the effect of increasing the injection 
p ressu re  at a  constant column head  p ressure on a  microchip GC injection 
system  connected to an analytical column. For this purpose, a  4 m x o.32 mm x
1.0 pm DB-5 column at a  helium head  pressure of 30 psi w as used. A 100 
ppmv mixture of normal alkanes w as used a s  solute. Table 3.13 show s the 
peak  a re a s  of alkanes obtained at various column head  pressu res. Figure 
3.17 show s a  graphical depiction of the results obtained. In the  previous 
experim ent, without an analytical column, it w as observed that sam ple 
injection took place at p ressu res  below the carrier g a s  pressure. In this case , 
the  p resence  of an analytical column p resen ted  an  additional p ressu re  drop 
experienced by injection pressure. Thus, peaks w ere only observed  at 
injection p ressu res  starting at about 34 psi and  above. The peak  a re a s  of all 
the  alkanes increased at injection p ressu res  from about 34 psi to about 40 psi 
w here they leveled off up to about 55 psi. The levelling off of peaks betw een 
40 psi and  55 psi suggests  that the maximum sam ple plug for the particular 
injection time w as constant and no longer increasing despite  increased  
injection pressure. At an  injection pressure of about 60 psi, the  peak  a reas  
suddenly dropped below the 40 psi to 55 psi levelling and suddenly sho t up at 
p ressu res  of about 70 psi and above, resulting in peak  splitting. P eak  splitting 
in this c a se  w as a s  a  result of an attem pt to force som e of the sam ple plug in 
the  direction opposite that of carrier flow. This attem pt to inject in the direction 
opposite the carrier g as  flow resulted in a  small negative peak, due to a  
disturbance of the carrier gas  flow. This experim ent therefore indicates that for 
every carrier g a s  head  p ressu re  applied on the microchip GC system , there  is 
an  optimum injection head  p ressure  that is required to en su re  an  adeq u a te  
sam ple plug to be injected into the column, without adversely affecting the 
sh a p e s  of the resulting peaks.
111
Table 3.13: Effect of varying the injection pressure on the detector response 
at a  constant column helium head pressure of 30 psi (n = 3).
In je c tio n  
P r e s s u re  (p s i)
Butane 
Area (mVs)
Average 
Area (mVs)
STDEV % RSD
30 Butane 0.0
P en tane 0.0
H exane 0.0 — —
H eptane 0.0
O ctane 0.0
40 Butane 793.8 2.7 0.3
P en tane 1166.7 57.7 4.9
H exane 1633.3 57.7 3.5
H eptane 1066.7 57.7 9.4
Octane 721.2 9.4 1.3
50 Butane 1200.0 0.0 < 0.1
Pentane 1533.3 57.7 3.8
H exane 2000.0 173.2 8.7
H eptane 1400.0 0.0 < 0.1
Octane 1000.0 0.0 < 0.1
60 Butane 1133.3 57.7 5.1
Pen tane 1133.3 57.7 5.1
H exane 1366.7 152.8 11.2
H eptane 1133.3 115.5 10.2
Octane 994.8 9.1 0.9
70 Butane 3266.7 57.7 1.8
P en tane 4166.7 57.7 1.4
H exane 4533.3 305.5 6.7
H eptane 3266.7 57.7 1.8
Octane 3500.0 0.0 < 0.1
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Figure 3.17: Effect of varying the injection pressure on the detector response 
at a  constant helium head pressure of 30 psi on a  4 m x 0.32 mm x 1.0 pm DB- 
5 capillary column.
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3.3.6.2 Increasing the Injection Pressure Independent of
the Column Head Pressure on the Model M200 Gas 
C hrom atograph.
An attempt to increase the injection pressure above that specified by the 
manufacturer of the M200 microchip GC w as made. This w as m ade possible 
through inserting Swagelok type flow restrictors (Crawford Fitting Company, 
Solon, Ohio, USA) on the M200 manifold, so  a s  to enable control of the carrier 
g as  flowrate through the analytical column after setting the column head  
pressure. Figure 3.18 (top) shows a normal chromatogram of an M200 
operated at a carrier gas  head pressure and injection p ressure of 20 psi. The 
M2001 software (3.24) package w as used operate the M200 gas 
chromatograph a s  well integrate the peaks. The bottom portion of figure 3.18 
show s a  chromatogram in which the column w as experiencing a pressure of 
20 psi while the injection pressure was adjusted to a pressure of 25 psi. This 
action then created an additional pressure differential of 5 psi in addition to 
that of 2 psi to 3 psi placed by the manufacturer through placing flow restrictors 
on the solid-state injector (3.1). The increased injection pressure, although it 
resulted in peak a reas  that were twice a s  large, brought about a negative peak 
in the vicinity of the air and water peaks. The negative peak w as m ost likely a s  
a  result of the injection plug trying to proceed in the direction opposite that of 
the carrier gas  flow opposite the detector end. In essen ce , the additional 5 psi 
p ressure differential that we placed on the system w as too much for the carrier 
gas pressure under th ese  conditions. It is conceivable that a  capillary column 
with an internal diam eter larger than 0.1 mm could tolerate an increased 
injection pressure of this magnitude without resulting in a  negative peak. This 
is because  in earlier experiments in sections 3.2 and 3.3 of this chapter, in 
which a 0.32 mm internal diameter capillary column w as used, injection
pressures which were 5 psi greater than the carrier gas pressure w ere used 
without resulting in a  negative peak.
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Figure 3.18: Chrom atogram s showing: Top) A similar column head and 
injection pressure of 20 psi. Bottom) A column head pressure of 20 psi and an 
injection pressure of 25 psi (a 5 psi differential between column pressure and 
injection pressure).
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3.3.7 Interfacing the Model M200 Microchip Gas Chromatograph to  
an FID Detector.
Combining the analytical and reference column vent flows resulted in 
an overall increased hydrogen outflow that was capable of supporting the FID 
flame. The variation of the combined vent flows with the M200 carrier gas head 
pressure is shown on the table 3.13.
Table 3.14: Correlation of combined hydrogen flowrate from the analytical 
and reference columns with head  pressure (n =3).
Column Head 
Pressure (psi)
‘Average Hydrogen 
Flowrate (mL/min.)
20 1.6 ± < 0.1
25 2.2 ± < 0.1
30 2.8 ± < 0.1
35 3.5 ± <0.1
40 4.3 ± <0.1
45 5.1 ±<0.1
50 6.0 ± <0.1
60 8.0 ± 0.1
65 9.2 ±0.1
70 10.2 ± 0.1
Average of 3 replicates
Using ambient air a s  the oxidant, the FID flame w as found to only be 
supported at combined hydrogen flowrates beginning from 6.0 mL/min and 
above, corresponding to a  hydrogen head pressure of 50 psi and above. 
Figure 3.19 shows a  comparison of a 100 ppmv mixture of propane through 
octane a s  detected by the TCD (top) and the ambient air FID (bottom). From 
this figure it can be seen  that the FID is superior to the TCD as regards 
detecting com pounds eluting in the region of the air and water peaks since the 
FID does not detect air and water. The FID chromatogram however show s a 
higher noise level (low signal-to-noise ratio) of about 100 mV due to lack of
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noise filtering on our in-house fabricated amplifier used  in this case , a s  well a s  
flickering of the flame. The TCD chrom atogram  on the  other hand  has  a  very 
high signal-to-noise level due to filtering of both the high and  low frequency 
noise by th e  M200 electronics board. B ecause  of the low signal-to-noise ratio 
of the am bient air FID signal, the FID had an  inherently high sensitivity and 
could not differentiate the analyte signal from the  noise at normal alkane 
concentrations below 20 ppmv. The reproducibility of the  am bient air FID w as 
very poor since its signal w as found to be dependent on the  positioning of the 
flam e jet betw een the BNC connector electrode terminals, a s  well a s  its 
dependency  on the purity of the surrounding air. Its signal w as also  found to 
b e  d ep en d en t on the am ount of condensation occuring around the  walls near 
the  flame, a s  a  result of this FID being operated  at am bient tem perature.
D espite the poor perform ance of our am bient air FID, this exercise 
proved that the  M200 TCD, a s  a  non-destructive detector, can  be  safely 
interfaced to ano ther detector of one 's  choice without adversely affecting the 
resulting chrom atogram .
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COMPARISON OF AN M200 TCD IN SERIES WITH A ROOM AIR FID
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F ig u re  3.19: Com parison of the microchip g a s  chrom atograph TCD and 
am bient air FID re sp o n ses  for a  100 m s injection a  100 ppmv propane through 
octane sam ple.
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3.4  SUMMARY AND CONCLUSIONS
From the data observed on the experiments performed, it can be 
confidently said that placing an on-line concentration step  betw een the switch 
valve on the manifold and the sam ple loop in the solid-state injector can be 
used a s  one method to lower the detection limit of the microchip GC. On- 
column cryotrapping at the head of the analytical column, using one cold loop, 
w as not a s  effective com pared to on-line concentration between the sam ple 
loop on the solid-state injector and the switching valve on the manifold. During 
on-line concentration with the microchip GC system using a  0.32 mm i.d. 
capillary column cryotrapping with liquid nitrogen was observed to produce 
higher concentration factors than concentration with a  micro Tenax-GC trap. A 
minimum sam ple loop pressurization time, prior to making an injection, of 
about 300 m s w as found to be adequate for the microchip GC injection system 
operating at a  column head pressure of 20 psi.
The addition of an on-line microtrap to the microchip GC w as found not 
to affect the injection process at the M200 operational carrier gas  pressures. 
Additionally, increasing the injection pressure by a  pressure differential of 5 
psi or more can result in a negative baseline on an M200 using 0.1 mm i.d. 
capillary columns. However, medium bore capillary columns can tolerate an 
injection pressure differential that is higher than 5 psi. Too large a  pressure 
differential between the injection pressure and the column pressure can result 
in splitting of chromatographic peaks, and should therefore be avoided.
C H A P TE R  4
DEVELOPM ENT O F AN ON-LINE SA M PLE CO NCENTRATING 
M ICROCHIP G A S CH RO M A TO G RA PH  
(M IC R O SEN SO R  G A S ANALYZER)
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4.1 INTRODUCTION
Like personal com puters, succeeding generations of analytical 
instrum ents have shrunk in size and weight a s  they have becom e m ore 
sophisticated and versatile. With th ese  changes, instrum ents once restricted to 
fixed sites a re  being redesigned  for portability and introduced to the  
commercial market. As noted by Newman (4.1), one of the key driving forces 
for portability is the need  to monitor environmentally sensitive sites. As 
environm ental laboratories wrestle with sho rtages of personnel and  a  need  for 
rapid turnaround of results, m anufacturers of field deployable instrum entation 
have responded  with a  m arvelous array of analyzers to ad d re ss  th e se  
concerns. T he num ber of choices, though limited, is at tim es bewildering and 
n ecess ita te s  that laboratory personnel carefully m atch analyzer specifications 
to their anticipated workload, scenario requiring field screening, turnaround 
requirem ents, staff capabilities, and operating m argins. Notable exam ples of 
th e se  miniaturized instrum ents include the backpack m ass  spectrom eter being 
developed by MIT civil engineer Harry Hemond (4.2), which h as  a  total weight 
of 32 kilograms and can be  transported to rem ote sites to collect 
environm ental data; the x-ray fluorescence analyzer that w as developed by 
Outokumpu Electronics of Langhorne, Pennsylvania, that w eighs 8.5 
kilograms and fits into an over the shoulder bag (4.1); the Bomem MB series 
portable radiom eters for m easuring infra red em issions in field pollution 
monitoring and in-plant analyses, which weighs about 100 pounds per unit 
(4.1); the portable microchip g as  chrom atograph m odels M200 and P200, 
which w ere developed by MTI Analytical Instrum ents, M icrosensor Technology 
Incorporated of Fremont, California, for monitoring industrial hygiene and 
weigh 12 pounds and 23 pounds, respectively (4.3); and  the  Photovac 10S 
series  g a s  chrom atographs developed by Photovac Incorporated of Ontario,
Canada, which weigh about 29.5 pounds and are  used for the analysis of 
volatile organic com pounds in the field of air pollution. Thus, the u se  of 
portable instruments, especially g as  chrom atographs, has  becom e attractive 
a s  an alternative to laboratory analysis, especially a s  part of hazardous w aste 
site investigations (4.4). Goals for the improvement of portable gas  
chrom atographs basically relate to accuracy and sensitivity. For exam ple, 
detection limits of commercially available G C's are in the order of 1 ppmv (4.4), 
although the m anufacturers of the Photovac g as  chrom atograph m ake claims 
of detection limits a s  low as  0.1 ppbv for benzene in a  1 mL air sam ple (4.5). 
Use of a  concentrator could lower the detection limit to the part per billion 
range for the portable gas chrom atographs. The objective of this work w as to 
incorporate an on-line concentrator to one of the commercially available 
portable gas  chrom atographs without compromising its existing portability, 
speed  of analysis and selectivity. In this case , we chose  the microchip g as  
chromatograph m ade by MTI Analytical Instruments. T he MTI microchip gas 
chrom atograph (microchip GC) w as chosen b ecau se  although its minimum 
detection limit of 1 ppmv is considered too low for its u se  in air pollution 
monitoring, it has som e attractive features, such as, high sp eed  of analysis due 
to the use  of 4 m long capillary columns; better selectivity and resolution a s  a  
result of having two dissimilar capillary columns of 100 pm internal diam eter; 
and the u se  of a  low dead volume universal detector, the high perform ance 
thermal conductivity detector (4.6 - 4.8).
The position of choice for placing the on-line concentrator in the 
microchip GC was betw een the solid-state injector and the  switching valve on 
the manifold. This position w as chosen  a s  a  result of previous work done 
during the course of this dissertation project, which show ed that placing an 
adsorbent trap or cryotrapping at this site led to sam ple concentration. A
schem atic  diagram  the  sam ple lines of a  m odel M200 microchip GC that 
show s the position of choice for placing the m icrotrap is show n on figure 4.1.
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F ig u re  4.1: Schem atic diagram of the sam ple lines of a  single M200 module 
showing the  positioning of a  microtrap.
4.2 MATERIALS AND METHODS
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4.2.1 Gas Chromatographic System .
A model M200 dual channel microchip GC (MTI Analytical 
Instruments™, Microsensor Technology Inc., Fremont, CA) w as used  for this 
work. Each module w as equipped with a  solid-state sam ple injection system 
with microvalves; a  4 m long x 100 pm i.d. fused-silica capillary column coated 
with a  0.4 pm thick stationary phase; and a  miniaturized high perform ance 
thermal conductivity detector. Both m odules shared  a  12V dc m em brane 
diaphragm vacuum pump, (Type NMP 30 KNDC, KNF Neuberger, Inc., 
Princeton, NJ, USA). The NMP vacuum pump w as used to replace the Gilian 
model A vacuum pump supplied with the instrument a s  b ecau se  the Gilian 
pump could not cope with the additional pressure drop imposed by the 
addition of a  microtrap. The KNF pump has a  flow rating of 2.5 liters per minute 
and a  maximum load of 15 psi (intermittent). Current draw at 12V is 400 mA 
com pared with the 200 mA rating of the Gilian pump. Module A of the 
microchip GC contained a  capillary column coated with OV-73 (95% dimethyl- 
5% diphenyl polysiloxane) stationary phase, while module B w as coated  with 
an OV-1701(14% cyanopropylphenyl-86% methyl polysiloxane) stationary 
phase. All the microchip GC param eters and data  processing w ere entered 
through a  Macintosh computer, using M2001 software (4.9).
4.2.2 Construction of Microtraps
Cut 4.0 cm long x 1.5 mm o.d. x 0.7 mm i.d. glass-lined stainless steel 
tubes, each  fitted with a  1.6 mm Swagelok unions (Crawford Fitting Company, 
Solon, Ohio, USA) at both ends.
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The traps w ere packed with either Tenax-GC alone (Applied Science 
Laboratories Inc., PA, USA), or a  combination of Tenax-GC and Carbosieve 
Sll (Analabs, Norwalk, Connecticut, USA). The adsorben ts w ere held in place 
by a  small piece of bent stainless steel wire (about 3 mm in length) inserted at 
each  end of the glass-lined stainless steel tubing. The specifications of the trap 
preparation procedure are  outlined below.
1. Packed the Tenax only traps with 2.0 mg Tenax-GC, 60/80 m esh.
2 . Packed the dual bed traps with 1.5 mg Tenax-GC, 60/80 m esh, and 1.0
mg of Carbosieve Sill 60/80 m esh, in separa te  zones by suction using a 
m em brane vacuum pump (model N726 KnF N euberger Inc., Princeton,
NJ, USA).
The traps once packed were wound with 30.5 cm of 24 Q. chromel 
heater wire, PN: TFCY-005-50 FT, Dia: 0.13 mm, TFE-TEFLON, (Om ega 
Engineering, Inc., Stamford, Connecticut, USA) followed by a  thin coating of 
thermally conductive high tem perature epoxy (epo-tek H77, part A and part B 
in the ratio 0.15:1, Epoxy Technology Inc., Billerica, M assachusetts, USA) and 
about 20.0 cm of iron senso r wire PN: TFIR-003-100 FT, Dia 0.08 mm, PFA- 
TEFLON (Om ega Engineering, Inc., Stamford, Connecticut, USA). The traps 
w ere then coated with a  final layer of thermally conductive high tem perature 
epoxy a s  before.(epo-tek H77, part A and part B in the ratio 0.15:1, Epoxy 
Technology Inc., Billerica, M assachusetts, USA). After application with two 
layers of high tem perature epoxy (a different layer after winding with heater 
and senso r wires, respectively) the microtraps w ere conditioned to a  dark 
brown color by heating at approximately 200° C while purging with inert carrier 
gas, to prevent overheating the adsorbent. Figure 4.2 is a  schem atic diagram 
of one of the two microtraps a s  it w as wrapped with heater and sen so r wires,
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each layer of wire being separated  by a  layer of high tem perature epoxy. 
Figure 4.3 show s the microtrap in teflon holders used to mount it on the 
microchip GC.
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Figure 4.2: Schem atic diagram of the 4.0 cm microtrap wrapped with the 
sen so r and heater wires, respectively.
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Figure 4.3: Schem atic diagram of the microtrap and the teflon holders used 
for installation into the microchip gas chromatograph.
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4.2.3 Microchip Gas Chromatograph System  Hardware 
Modification for Trap Temperature Control.
Since software a s  well a s  hardware modifications w ere required to 
perform trap tem perature control, a  piggy-back board w as designed to 
accomplish the following tasks:
1. Trap tem perature control.
2. Accommodate the new microvalve manipulation sequence required to 
m ake an injection, in the presence of an on-line microtrap.
The electronics circuit board required for controlling the tem perature of 
the added adsorbent traps was fabricated and mounted on the M200 mother 
board as a  separate  “Piggy-back board", whose top assem bly diagram is 
shown on figure 4.4 and its schem atic diagram is shown on figure 4.5. The 
details of the actual procedure for fabricating the "piggy-back" board and its 
theory of operation are presented in the appendix a s  well as, elsew here 
(4.10).
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4 .2 .4  T ra p  T e m p e ra tu re  S e ttin g  P ro c e d u re (R e fe r  to th e  a ttach ed  top 
assem bly  diagram  on figure 4.4).
Upon mounting the piggy-back board onto th e  m odel M200 microchip 
GC m other board, the required trap  tem perature w as calibrated against the 
m easu red  se n so r wire resis tan ce  according to the  p rocedure  outlined below:
1. Turn potentiom eters R25 and  R28 fully counterclockw ise.
2. M easure the  cold sen so r wire resistance  of th e  uninstalled trap, RTi a t
room tem peratu re  (T1).
3. C alculate the  trap  resistance  at tem perature T2 ("hot" tem perature) 
using the  tem peratu re  coefficient of resis tance  relationship which is 
defined as: RT = R0 (1 + aT).
w here RT = resistance  a t tem perature T 0 C 
R0 = resistance  a t tem perature 0 ° C 
a  = tem peratu re  coefficient of resistance.
Thus, the  trap resistance  at tem perature T2 is obtained by dividing the 
tem pera tu re  coefficient of resistance  equations for tem p era tu res  T 1 and  
T2 which yields the  expression  below.
R n ( 1 - < * T 2)
Rts -  Rt( i  + a T ,)  
w here T1 and  T2 a re  the  trap  cold and  hot tem peratu res, respectively,
RT1 is the  resistance  of the  trap sen so r  wire at tem peratu re  T 1, RT2 is the 
resis tan ce  of the trap sen so r wire a t tem perature  T2, and  a  is the 
tem peratu re  coefficient of resis tan ce  of the  se n so r  wire (for Iron the 
value of a  is 0.005/° C).
4. T h e  voltages a t jack J1 0  indicate the trap  tem peratu res. C alculate 
the voltages corresponding to “hot" trap tem pera tu re  (Vh ) using the
following relationship:
5.105  x R T 2 
VH " 2 4 3 0  + R T2
5. C onnect a  voltm eter to Ground pin (G) and  Trap A (A) or Trap B (B) pin 
on jack J1 0  of the piggy-back board.
6 . S e t the  m ethod using the M2001 softw are to hea t Trap A (or Trap B) 
and  should contain the following param eters:
sam ple  time O s
inject time 0  m s
runtime 255 s
concentrator on
deso rb  time 255 s
bakeout time 255 s
cool down time 240 s
O ther param eters  w ere unimportant. With this m ethod, trap  heating 
began  at the  start of the analytical run and lasted  for 8.5 m inutes. T he heating 
p h ase  w as followed by a  4  minute cool down period during which the  carrier 
g a s  purged the  trap  but no h ea ter pow er w as applied.
7. B egan an analytical run and  during the trap  heating cycle adjusted  the
setpoint tem perature  using potentiom eter R28 (Trap A) or R25 (Trap B)
until the  voltm eter read VH. M ade the  adjustm ent slowly enough that 
th e  trap  h ea te r could maintain the setpoint. (The trap  h ea te r  could heat 
from room tem perature to 250° C in approxim ately 80 s)
8 . R epeated  the  s tep s  3 through 7 for the o ther trap.
4.2 .5  Softw are M odification
During this work, the model M200 microchip GC w as o p era ted  using the 
M2001 softw are package  (4.9). T he M2001 softw are p ack ag e  u se s  m ethod 
windows to display and  edit m ethod param eters. Therefore, with the  addition 
of m icrotraps to the M200  microchip GC, several ch an g es  w ere m ade to the
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m ethod window, by the softw are developm ent group at Louisiana S ta te  
University's Institute for Environmental Studies (4.10), so  a s  to support 
additional m ethod param eters pertaining to the p resen ce  of m icrotraps. This 
new  m ethod window had to also take into consideration th e  new  injection 
seq u en ce  resulting from the p resen ce  of on-line microtraps, the tem perature- 
program m ing capability a s  well a s  retaining the isotherm al m ode of operation 
capability. Overall, the new  m ethod window had to support isothermal, 
tem perature-program m ing and  on-line concentration capabilities.
Figure 4.6 is a  schem atic diagram of both the injection seq u en ces; 
without an on-line microtrap or standard  seq u en ce  (top) and the one taking 
into consideration the  p resen ce  of m icrotraps (the concentration sequence) 
(bottom). The two seq u en ces  w ere used  in the developm ent of the new  
m ethod widow which is shown on figure 4.7.
A schem atic diagram of the modified microchip GC containing on-line 
m icrotraps on both gas  chrom atographs and capillary leads from the TCD 
detector vents that can be used  a s  an interface to any other detector of choice 
is also  shown on figure 4.8.
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Module C h o ic e R & B R u t o r u n o f f
Sample Time 10 s e c * o f  f i u t o r u n s 1
E x t e r n a l  U a i t o f f Run I n t e r v a l 1 min
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Bake Out  Time 120 s e c Bake Out  Time 120 s e c
Coo I Down T i me 120 s e c Coo 1 Down T i me 120 s e c
CHP S c a l e  Code 1 CHP Sea  1e Code 1
Temp O f f s e t  Code 1 Temp O f f s e t  Code 1
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F igure  4.7: New M2001 m ethod window that en ab les  isotherm al, 
tem perature-program m ing and concentration m odes of operation.
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4.3  R ESU LTS AND  D IS C U S S IO N
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4.3.1 In s ta lle d  T rap  P o w er a n d  F lo w -ra te  C h a ra c te r is t ic s
The microtraps installed into the microchip GC had to be calibrated a s  regards 
their heating rates, before being used  for concentration purposes. This 
calibration w as performed using the procedure described in section 4.2.4 
(Materials and Methods). Tables 4.1 and 4.2 show the resistances and 
voltages corresponding to their respective tem peratures for traps A and B 
respectively. Thus, the observed voltage readings correspond to a  particular 
tem perature a s  defined by the equation for the tem perature coefficient of 
resistance of the sensor wire.
T ab le  4.1: Trap resistance and tem perature calculation for channel A (OV- 
73) microtrap.
M e a s u r e d
S e n s o r
W ire
R e s i s t a n c e
M e a s u r e d
H e a te r
W ire
R e s i s ta n c e
C a lc .
R o °c(^ )
T e m p . 
(T °C)
S e n s o r
f W O )
S e n s o r
V o lta g e
(V)
55.6 15.5 50.0 22.5 55.60 0.114
55.6 15.5 50.0 50.0 62.47 0.128
55.6 15.5 50.0 100.0 74.97 0.153
55.6 15.5 50.0 150.0 87.46 0.177
55.6 15.5 50.0 200.0 99.96 0.202
55.6 15.5 50.0 250.0 112.45 0.226
55.6 15.5 50.0 300.0 124.94 0.250
55.6 15.5 50.0 350.0 137.44 0.273
55.6 15.5 50.0 400.0 149.93 0.297
55.6 15.5 50.0 450.0 162.43 0.320
55.6 15.5 50.0 500.0 174.92 0.343
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T able 4.2: Trap resistance and tem perature calculation for channel B (OV- 
1701) microtrap.
M e a s u r e d
S e n s o r
W ire
R e s i s ta n c e
M e a s u re d
H e a te r
W ire
R e s i s ta n c e
C a lc .
R q°c(Q)
T e m p . 
(T °C)
S e n s o r
Rt °c(G )
S e n s o r
V o lta g e
(V)
55.6 15.5 50.0 22.5 57.00 0.117
55.6 15.5 50.0 50.0 64.04 0.131
55.6 15.5 50.0 100.0 76.85 0.157
55.6 15.5 50.0 150.0 89.66 0.182
55.6 15.5 50.0 200.0 102.47 0.207
55.6 15.5 50.0 250.0 115.28 0.231
55.6 15.5 50.0 300.0 128.09 0.256
55.6 15.5 50.0 350.0 140.90 0.280
55.6 15.5 50.0 400.0 153.71 0.304
55.6 15.5 50.0 450.0 166.52 0.327
55.6 15.5 50.0 500.0 179.33 0.351
The performance of the type NMP 30 vacuum pump was addressed  as  
regards sam ple suction through the M200 with microtraps on both modules A 
and B of the gas chrom atographs. Table 4.3 show s the flowrates obtained 
while sucking an air sam ple through module A alone, module B alone and 
through combined modules A and B. Thus, the average sam ple suction 
flowrates were about 2.6 mL/minute through module A alone, 2.9 mL/minute 
through module B alone and 5.4 mL/minute through combined modules A and 
B. The differences in the suction rates through modules A and B alone are 
attributed to the differences in the tightness of the adsorbent packing material 
in the two traps a s  they were prepared at different times.
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T able  4.3: Sam ple suction through traps A and B in mL/minute using a  12V 
dc m em brane diaphragm vacuum pump, (Type NMP 30 KNDC, KNF 
Neuberger, Inc., Princeton, NJ, USA).
R e p lic a # T rap  A T rap  B T r a p s
O n ly O n ly A & B
1 2.65 2.91 5.30
2 2.61 2.92 5.49
3 2.59 2.91 5.31
4 2.57 2.92 5.39
5 2.57 2.89 5.36
Average Flowrate 2.60 2.91 5.37
% RSD 1.3 0.4 1.4
The power consumption of the M200 microchip GC that has 
tem perature-program m ing and concentration capabilities was addressed . 
Table 4.4 show s the power consumption of the microchip GC at different 
operational stages, using a  12 volt dc x 2 am p output power supply that is 
normally supplied with the instrument. Table 4.5 show s the  power 
consumption at different operational s tag es, using a  15 volt dc x 6.6 am p 
output power supply. From th ese  data, it can be noted that the 12 volt power 
supply does not provide enough power to enab le  both tem perature- 
programming and heating of microtraps which requires about 2.9 am ps on 
both power supplies, thus, over drawing the 12 volt power supply with a  rating 
of only 2 am ps. The lesser perform ance of the 12 volt power supply is 
evidenced by a  rather large drop in voltage, from about 14 volts, while the 
instrument is idling, to about 11 volts at maximum operational power 
consumption. The 15 volt power supply has  a  smaller voltage drop, from about 
15 volts while the instrument is idling, to about 14 volts, at maximum 
operational power consumption. It can  also  be noted that while using the 12 
volt power supply, a  maximum power consumption of about 32 watts w as 
observed while on using the 15 volt power supply a  maximum power
142
consum ption of about 40 w atts w as observed  during com bined heating of 
traps at about 250° C and tem perature-program m ing from 40° C to 180° C at a  
rate of 1° C /  s. Thus, while an ordinary M200 g a s  chrom atograph operating at 
40° C, requires about 15 w atts pow er for its operation, addition of tem perature- 
programming capability at a  rate of 1° C /  s  from 40° to 180° C and  heating of 
m icrotraps to at least 250° C requires an additional 15 w atts and  8 watts, 
respectively. A 15 volt dc x 3.0 am p power supply is therefore recom m ended 
for the  modified M200 microchip GC.
Table 4.4: Pow er fluctuations during the M200 operation using a  12 volt dc x 
2  am p output power supply.
M200 S tage
V o lta g e
(V)
Current
(A)
P ow er
(W)
Idling 14.10 0.50 7.05
Pum p On 13.40 1.00 13.40
T em perature Ramping 12.86 1.52 19.55
T raps On 12.00 2.00 24 .00
T raps + Ramping 11.00 2.87 31 .57
Tem perature program set at 40° C to 180° C at a  rate of 1.0° C/s.
Table 4.5: Pow er fluctuations during the M200 operation using a  15 volt dc x 
6.6 am p output power supply.
M200 S tage
V o lta g e
(V)
Current
(A)
P o w er
(W)
Idling 14.89 0.45 6.70
Pum p On 14.65 1.00 14.65
T em perature Ramping 14.65 1.63 24 .64
Traps On 14.12 2.26 31.91
Traps + Ramping 13.91 2.87 39.92
T em perature program set at 40° C to 180° C at a  rate of 1.0° C/s.
The availability of an adeq u a te  pow er supply is important if tem perature 
control is to be m aintained while operating in the concentrator m ode. P eak  
pow er requirem ents could approach  40 watts. U se of inadequate  power 
supplies c a u se s  retention time shifts, especially in th e  concentrating m ode 
com pared with the standard , non concentrating m ode. Figure 4.9 show s the 
effect of using a  12 volt power supply in which the  top chrom atogram  w as 
d one  without without the concentration m ode while the  bottom w as performed 
with th e  concentration m ode turned on. Note that although the early eluting 
com pounds, up to 1,1,1-trichloroethane (1,1,1-TCA), elute at approximately the 
sa m e  retention time in both m odes, the late eluters, from toluene to decane, 
show  retention time shifts of up to about 15 s  for decane , a  rem arkable shift on 
the time sca le  of microchip g a s  chrom atography. This retention time shift, 
which in creases  with the m olecular weight of the com pound, w as attributed to 
the slow er tem perature-program m ing heating rate when accom panied with 
heating of microtraps. Thus, a 12 volt dc x 2 am p power supply is not suitable 
for the microchip GC that has  both concentration and  tem perature 
program m ing capabilities.
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4.3.2 Sample Injection Performance of the Model M200 Microchip
G as Chromatograph with and Without an On-line Microtrap.
The injection performance of the modified microchip GC, with and 
without a  microtrap, was evaluated. This w as done by making a  series of 
injections of a  100 ppmv mixture of n-alkane standards, using sam ple times of 
5 s  and 10 s to fill the sam ple loop, at two different injection times of 100 ms 
and 200 ms. A 4 m OV-1701 analytical column (module B of the microchip GC) 
was used, with helium carrier gas  set at a column head pressure of 20 psi for 
the 5 s  sampling time, and 25 psi for the 10 s sampling time, respectively. The 
tem perature programming rate used w as that of 40° to 140° C at a  rate of 1°
C/s, with no delay.
Table 4.6 show s the peak a reas  obtained without the on-line microtrap 
while table 4.7 shows the peak a reas obtained with the on-line microtrap in 
place, for the 5 s sampling time. Table 4.8 shows the peak a reas  obtained 
without the on-line microtrap while table 4.9 show s the peak a reas  obtained 
with the on-line microtrap in place, for the 10 s sampling time.The last rows of 
tables 4.7 and 4.9 show the percent peak decrease  that w as a s  a  result of the 
p resence of a microtrap. Using a  5 s sampling time, it is noted that the 
p resence of the microtrap reduces the peak a reas due to a 100 ms injection by 
an average of about 8 %, while the peak a reas  due to a  200 ms injection are 
reduced by an average of about 9 %. However, increasing the sam ple time 
(time required to fill the sam ple loop) to 10 s  reduces the difference in peak 
a reas  obtained by about 4% and 6% for the 100 and 200 m s injection times, 
respectively. It has been shown that increasing the time for filling the sample 
loop to at least 30 s  virtually eliminates the peak area differences caused  by 
the p resence of the microtrap.
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Table 4 .6 :P eak  a reas  without an on-line microtrap using a  sampling time of 5 
s and a  column head pressure of 20 psi.
Inject on Time of 100 m s
C om pound
N am e
B utane P en tan e H exan e H ep tane O ctane
R.T. (s) 9.88 13.00 20.72 39.62 85.84
Area (mVs) 136.47 92.59 160.24 108.41 90.06
Area (mVs) 136.35 93.59 160.50 107.87 85.05
Area (mVs) 136.95 93.59 160.09 104.69 86.68
Average Area 136.59 93.26 160.28 106.99 87.26
STDEV 0.32 0.58 0.21 2.01 2.56
% RSD 0.23 0.62 0.13 1.88 2.93
Injection Time of 200 ms
Area (mVs) 234.62 158.43 276.07 187.02 153.74
Area (mVs) 234.54 156.66 275.62 184.13 154.46
Area (mVs) 234.17 157.39 275.91 190.40 153.86
Average Area 234.44 157.49 275.87 187.18 154.02
STDEV 0.24 0.89 0.23 3.14 0.39
% RSD 0.10 0.56 0.08 1.68 0.25
Table 4.7: Peak  a reas  with an on-line microtrap in place, using a  sampling
time of 5 s  and a  column head
Inject
pressure of 20 psi. 
on Time of 100 m s
C om pound
N am e
B utane P en tan e H exan e H ep tane O ctane
R.T. (s) 9.88 13.00 20.72 39.62 85.84
Area (mVs) 120.65 84.97 146.64 95.92 80.63
Area (mVs) 119.80 84.90 145.82 100.07 85.00
Area (mVs) 121.18 85.22 147.41 101.47 84.73
Average Area 120.54 85.03 146.62 99.15 83.45
STDEV 0.70 0.17 0.80 2.89 2.45
% RSD 0.58 0.20 0.54 2.91 2.93
% Area 
D ecrease 11.75 8.82 8.41 7.33 4.37
Injection Time of 200 m s
Area (mVs) 209.86 139.36 253.79 169.42 136.57
Area (mVs) 209.26 140.01 254.46 172.81 138.14
Area (mVs) 205.87 139.42 252.81 169.45 146.18
Average Area 208.33 139.60 253.69 170.56 140.30
STDEV 2.15 0.36 0.83 1.95 5.16
% RSD 1.03 0.26 0.33 1.14 3.67
% Area 
D ecrease 11.14 11.36 8.04 8.88 8.91
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T ab le  4 .8 :P eak  a reas  without an on-line microtrap using a  sampling time of 
10 s  and a  column head  pressure of 25 psi.
In ject on  T im e of 100 m s
C o m p o u n d
N a m e
B u ta n e P e n ta n e H e x a n e H e p ta n e O c ta n e
R.T. (s) 7.68 10.32 16.96 33.56 74.60
Area (mVs) 135.60 92.99 156.21 104.04 87.73
Area (mVs) 135.70 93.81 157.05 105.24 87.66
Area (mVs) 134.44 93.31 157.03 104.38 86.26
A veraqe Area 135.25 93.37 156.76 104.55 87.22
STDEV 0.70 0.41 0.48 0.62 0.83
% RSD 0.52 0.44 0.31 0.59 0.95
In jec tio n  T im e of 200 m s
Area (mVs) 230.29 159.05 271.73 182.56 153.80
Area (mVs) 230.92 159.74 270.97 180.19 150.30
Area (mVs) 231.17 159.45 268.43 180.40 147.90
A verage Area 230.79 159.41 270.38 181.05 150.67
STDEV 0.45 0.35 1.73 1.31 2.97
% RSD 0.20 0.22 0.64 0.72 1.97
T ab le  4.9: Peak  a re a s  with an  on-line microtrap in place, using a  sampling 
time of 10 s  and a  column head  pressure of 25 psi.
In ject on  T im e of 100 m s
C o m p o u n d
N a m e
B u ta n e P e n ta n e H e x a n e H e p ta n e O c ta n e
R.T. (s) 7.68 10.32 16.96 33.56 74.60
Area (mVs) 131.00 89.03 153.96 102.76 86.11
Area (mVs) 127.59 88.95 149.14 97.95 81.21
Area (mVs) 129.14 88.71 151.15 101.57 88.03
A verage Area 129.24 88.90 151.42 100.76 85.12
STDEV 1.71 0.17 2.42 2.51 3.52
% RSD 1.32 0.19 1.60 2.49 4.13
% Area 
D ecrease 4.44 4.79 3.41 3.62 2.41
In jec tio n  T im e of 200 m s
Area (mVs) 217.67 147.73 258.53 171.29 140.28
Area (mVs) 217.27 147.66 257.71 173.99 137.93
Area (mVs) 215.73 147.20 256.45 172.07 139.62
A verage Area 216.89 147.53 257.66 172.45 139.28
STDEV 1.02 0.29 1.05 1.39 1.21
% RSD 0.47 0.20 0.41 0.81 0.87
% Area 
D ecrease 6.02 7.45 4.74 4.75 7.56
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4.3.3 Concentration of n-Alkanes with an On-line Adsorbent
Microtrap in a Model M200 Microchip Gas Chromatograph.
Sam ple pre-concentration with a  Tenax-GC microtrap in a  model M200 
microchip GC w as addressed  after the successful concentration with a  working 
version microchip GC, discussed in chapter 3, that used a  300 pm internal 
diam eter capillary column. The model M200 gas chromatograph however, is 
equipped with 100 pm internal diam eter capillary columns that present a 
larger pressure drop to the injected sam ple plug than the 300 pm column. As a 
consequence of this increased pressure drop, presented by the 100 pm 
column, sam ple concentration was not observed on the first injection after 
heating the microtrap. The reason for this lack of concentration on the first 
injection can be explained by examining the microtrap injection profile shown 
on figure 4.10. This figure is a  result of consecutive 100 ms injections m ade 
from a microtrap that was loaded with a  5 mL sam ple of 100 ppmv heptane.
After heating the microtrap for 60 s, several injections were m ade from the 
concentrate, and these  present a  profile showing when the most concentrated 
portion of the sam ple was injected. As it turns out, the most concentrated 
portion of the heptane sam ple concentrate was injected not on the first 
injection but on the fifth injection. The first four injections in this case  consisted 
of the dilute sam ple that was in front of the microtrap. Thus, there is a  need  to 
remove or vent the dead  space in front of the microtrap prior to injecting the 
m ost concentrated sam ple plug in the microtrap. An important aspect to note 
about the profile on figure 4.10 is that only a small portion of the concentrated 
sam ple at the profile maximum is actually injected into the analytical column. 
Thus, the bulk of the concentrate is just discarded.
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F igure 4.10: Desorption profile of a  5 mL x 100 ppmv heptane sam ple 
loaded into a  4.0 cm Tenax-GC microtrap and desorbed in 100 m s injections 
onto a  4 m long and 100 pm internal diameter capillary column coated with a  
0.4 pm DB-5 stationary phase.
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To achieve trap venting prior to making an injection, the M2001 software used 
to run the concentrating microchip GC had to be modified. This modification, 
which was m icroprocessor controlled, involved flushing out the dead  space  in 
front of the microtrap through the sam ple inlet, prior to making an injection.
This w as achieved by opening the sam ple valve for a  pre-determined period of 
time with the switching valve se t to pressurizing the microtrap with carrier gas. 
Thus, an appropriate vent time for a  particular sam ple had to be established, to 
enable injection of the m ost concentrated sam ple plug.
To establish the vent time required for a 100 ppmv sam ple mixture of n- 
alkanes from propane through octane, a 20 ml. volume of sam ple mixture was 
loaded into the two microtraps at room tem perature. The trap w as desorbed by 
heating at about 250° C for 90 s and a  200 m s injection m ade at a  particular 
vent time,using a helium head pressure of 25 psi. This procedure was 
repeated several times while varying the vent time and recording the detector 
response. Figure 4.11 shows the curves representing detector responses 
versus vent time for butane through octane, while figure 4.12 is a  depiction of 
the concentration factors obtained versus vent time for a  microtrap packed with 
Tenax-GC. In this case, the propane peak w as not observed as  it was covered 
by the larger air peak.
From the curves shown on figure 4.11, it is observed that the time 
required to clear the front of the Tenax-GC microtrap (termed vent time) was 
dependent on the molecular weight of the sam ple component being desorbed. 
Such behavior w as however not surprising since the Tenax-GC adsorbent 
behaves like a  chromatographic stationary phase,which it is. Therefore, while 
a  vent time of about 50 m s w as enough to enable injection of the most 
concentrated sam ple plug for butane through hexane, heptane and octane 
required a  vent time of 60 ms and 150 ms, respectively. For a  Tenax-GC
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m icrotrap loaded with 20  mL of sam ple mixture, concentration factors (see  
figure 4.12) w ere observed  to increase  with m olecular weight of the sam ple  
com ponent, ranging from about 4 for bu tane to about 27  for h ep tan e  and  
o ctane.
Variation of vent time and  concentration factors with carrier g a s  head  
p re ssu re  w as not ad d ressed . However, an increase  in carrier g a s  head  
p re ssu re  w as observed , in chap ter 3, to increase  the am ount of sam ple  
injected an d  therefore increase  the  detector response . From this observation, it 
could be  infered that increasing the  carrier g as  head  p re ssu re  would be 
expected  to increase  the  concentration factors and  d e c re a se  th e  vent time 
since  th e  d ead  sp a c e  would be cleared  m uch faster.
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versus vent time from a  Tenax-GC microtrap.
Concentration factors for lower molecular weight com ponents w ere not 
a s  high a s  those for high molecular weight com ponents, using a  microtrap 
packed with Tenax-GC. Therefore, an effort to increase the concentration 
factors for lower molecular weight com ponents w as m ade by employing dual 
bed microtraps. Dual bed microtraps w ere m ade by packing a  5.0 cm long x 
1.5 mm o.d. x 0.7 mm i.d. glass-lined stainless steel tube with Tenax-GC 60/80 
m esh and Carbosieve Sill 60/80 m esh (a carbon based  molecular sieve), in 
sep a ra te  zones covering a  total length of about 4.0 cm (see  figure 4.13). This 
w as done because , although well established by investigations first m ade by 
van Wijk of AKZO R esearch Laboratories in Switzerland (4.11), and later 
confirmed by Zlatkis (4.12) that Tenax-GC w as a good general purpose 
adsorbent used for the analysis of air pollutants, its perform ance w as 
unacceptable for the concentration of volatile organic com pounds with small 
retention tim es such a s  vinyl chloride (4.13). To alleviate this inadequacy, 
several researchers in conjunction with the United S ta tes  Environmental 
Protection Agency (USEPA) investigated and recom m ended the u se  of dual 
bed traps containing Tenax-GC and a carbon based  molecular sieve such as  
carbosieve, carbotrap, spherocarb or charcoal for the trapping and analysis of 
light volatile organic com pounds in stack em issions from industrial kilns and 
other hazardous w aste sources (4.14-4.17).
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Figure 4.13: Schem atic diagram  of a  dual bed m icrotrap used  to replace the 
Tenax-G C only microtrap.
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Thus, a  venting experim ent similar to that conducted for a  Tenax 
microtrap w as perform ed using a  dual bed  microtrap. In this case , a  5 mL x 
100 ppmv sam ple  mixture w as loaded into the m icrotrap and  the  detecto r 
resp o n se  m easu red  a s  th e  vent time w as increased . Figure 4.14 show s the 
curves representing  detector re sp o n ses  versus vent tim e for bu tane through 
octane, while figure 4.15 is a  depiction of the  concentration factors obtained 
versus vent tim e for a  dual bed  microtrap. Thus, while a  vent time of about 50 
m s w as still enough to enab le  injection of the  m ost concen trated  sam ple  plug 
for bu tane through hexane, the  concentrated  sam ple plug, in this ca se , is 
sp read  over a  vent time range that overlaps with the h ep tan e  and o ctane 
optimum vent time of 60 m s and 120 m s, respectively. For a  dual bed  microtrap 
loaded with 5 mL of sam ple mixture, maximum concentration factors for the  
lighter hydrocarbons (see  figure 4.15) w ere observed  to be sp read  over a  vent 
time range encom passing  th o se  of h ep tan e  and  octane, ranging from about 6 
for bu tane to about 11 for h ep tan e  and  octane. T he point to note here  is that it 
is possible to se t an  overall vent time of abou t 120 m s an d  obtain d ecen t 
concentration factors for all th e  com pounds in the  sam ple  mixture. Using a  
T enax only microtrap, a  vent tim e of 120 m s would adequately  concentrate  
h ep tan e  and  o c tan e  a t th e  ex p en se  of the  lighter hydrocarbons.
Figure 4.16 depicts chrom atogram s of n-hydrocarbons, before 
concentration (top) and  after concentration (bottom), from an M200 g a s  
chrom atograph with tem perature-program m ing capability.
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F igu re  4.14: Detector response versus vent time for a  5 mL x 100 ppmv 
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F igure  4.15: Concentration factors of a  5 mL x 100 ppmv sam ple mixture 
versus vent time from a  Tenax-GC /  Carbosieve Sill microtrap.
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Figure 4.16: Typical chromatogram of a  sam ple mixture of 100 ppmv 
propane through octane. Top) Before concentration: Bottom) After 
concentrating 5 mL.
GC conditions: Injection time = 200 ms; column head pressure = 20 psi helium; 
column = 4 m x 100 pm x o.4 pm OV-1701; sam ple loaded into trap = 5 mL of 
100 ppmv propane through octane; desorption tem perature = 200° C for 90 s.
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Concentration of a 1 ppmv sam ple of normal hydrocarbons from 
propane through decane w as also performed using a  total load volume of 20 
mL for the microtraps on both channels A and B of the microchip GC. Figure 
4.17 show s the detector response versus vent time curves while figure 4.18 
shows the concentration factors versus vent time curves obtained through 
channel A (OV-73 capillary column) microtrap, it is observed again that the 
lighter hydrocarbon sam ple plugs are spread over a  vent time range from 20 
ms through about 200 ms. Note that it w as possible to set an overall vent time 
of about 150 ms and still obtain concentration factors for all the com ponents in 
the sample, ranging from about 5 to 10 times.
Figure 4.19 show s the detector response versus vent time curves while 
figure 4.20 shows the concentration factors versus vent time curves obtained 
through channel B (OV-1701 capillary column) microtrap. Note that 
concentration using this microtrap resulted in higher concentration factors than 
in channel A microtrap. This w as due to the channel B microtrap having a  
higher loading rate than channel A microtrap. Note however that concentration 
for decane was very low on channel B microtrap.
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F igure  4.17: Peak  a rea  of a 20 mL x 1 ppmv sam ple versus vent tim e on an 
OV-73 capillary column at 25 psi helium head p ressure  and 200 m s injection 
time.
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F ig u re  4.19: Peak a rea  of a  20 mL x 1 ppmv sam ple versus vent time on an 
OV-1701 capillary column at 25 psi helium head  p ressu re  and 200  m s 
injection time.
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column a t 25 psi helium h ead  p ressu re  and 200 m s injection time.
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The point to note here  is that, on the overall, the dual bed  microtrap gives 
better concentration for all the com pounds in a  particular sam ple mixture than 
the microtrap packed with Tenax-GC only. This will how ever only occur if an 
optimum or larger vent time for the last com pound to elute is used. Figure 4.21 
illustrates the overall concentration of a  mixture of n-alkanes on a  dual bed  
microtrap while figure 4.22 illustrates the sam e, but on a  Tenax-G C packed 
microtrap, using a  similar vent time. Note how the Tenax-G C microtrap gives 
very low concentrations at the optimum vent time for octane. Although not 
shown here, use  of a  small vent time (100 m s or less) for both m icrotraps 
results in concentration of the  lighter hydrocarbons only and  lack of 
concentration for the heavier a lkanes ( h ep tan e  and  octane).
Overall, a  single bed trap produces results similar to the  dual bed 
microtrap except that the maximum response  for the m ost volatile com pounds 
occurs at very low vent times. This could illustrate the  breakthrough of the  most 
volatile com ponents through the Tenax microtrap. T he addition of a  second 
bed of the m ore strongly adsorbing carbon b ased  adsorbent, results in much 
better peak  recoveries for the lighter com pounds. O ther factors concerning the 
nature of the adsorbent beds, such as, the type of adsorbent, particle size of 
adsorben t used, and relative widths and  dep ths of each  bed, w ere not 
ad d ressed  in this research  project.
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F ig u re  4.21: C oncentration of n-alkanes on a  dual bed  microtrap with a  200 
m s vent time.
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F ig u re  4.22: C oncentration of n-alkanes on a  Tenax-G C m icrotrap with a  
200 m s vent time.
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4.3 .4  Separation and Concentration of the Krug Mixture.
The perform ance of the  modified M200 g as  chrom atograph a s  regards 
its resolution for a  given sam ple mixture w as ad d ressed , using the 
com ponents on a  list of com pounds su g g ested  and  supplied by Krug Life 
Sciences, of Houston, Texas. The list of test com pounds is given in table 4.10 
along with their vapor p ressu res, standard  concentrations in the mixture and 
volum es of nea t liquid com ponents required to  m ake the indicated 
concentration level in a  25 liter Tedlar bag, when diluted with zero  air. The 
Krug mixture w as com posed of volatile and  semi-volatile organic com pounds 
designed to test the m olecular weight range and  efficiency of the modified 
microchip GC system , in view of the added  capabilities of tem perature- 
program m ing and on-line concentration with a  microtrap.
Table 4.10: List of com pounds su g g ested  by Krug Life S ciences for testing 
the perform ance of the modified M200 microchip g a s  chrom atograph.
Com pound Name
C o n e.
(ppm v)
D en sity
(g/m L)
pL in 
25 L 
To Make 
C on e.
Vapor  
P r e ssu r e  
(mm Hg)
Ethyl alcohol 250 0 .7893 3.0 43
Isopropanol 100 0 .7855 1.6 33
D ichlorom ethane 50 1.3266 3.3 3 4 9
Methyl ethyl ketone 10 0 .8054 1.8 78
1,1,1-Trichloroethane 10 1.3390 2.0 100
Butanol 10 0 .8098 4.7 5
Toluene 10 0 .8669 2.2 22
m-Xylene 10 0.8642 2.5 8
2-Ethoxyethyl ace ta te 50 0 .9702 6.9 2
2-Butoxyethanol 20 0.9515 6.7 0.8
D ecane 10 0 .7300 4.0 1.2
B enzaldehyde 10 1.0415 5.2 0.7
u n d ecan e 10 0.7402 4.3 0.5
Figures 4.23 and  4.24 are chrom atogram s of the Krug sam ple mixture 
a s  separa ted  by the OV-73 and OV-1701 capillary columns of the microchip 
GC, respectively. The tem perature program used for the separation w as 40° to 
140° C, a t a  ramping rate of 10 C /s with no delay. Note that under the gas 
chrom atographic conditions used, 2-butoxyethanol and 2-ethoxyethyl acetate 
co-eluted on the OV-73 column while they were well resolved on the OV-1701 
column. Similarly, isopropanol and dichlorom ethane co-eluted on the OV- 
1701 column but w ere well resolved on the OV-73 column. Separation by one 
column of a  couple of com ponents that co-elute on another column, further 
underscores the advantage of the microchip GC having two capillary columns 
with differing polarities. Another advantage of having two columns with 
different polarities can be observed from the butanol, 2-butoxyethanol and 2- 
ethoxyethyl ace ta te  peaks which a re  badly tailed on the non-polar OV-73 
capillary column and a re  not that tailed on the moderately polar OV-1701 
column. T he use of two short columns with different polarities can therefore, 
offer better resolution per unit time than does a  single but long separation 
column that would result in long analysis times.
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F ig u re  4 .23: C hrom atogram  showing separation  of a  m ixture of com pounds 
su g g ested  by Krug Life S ciences; GC Conditions: M2001 softw are package  
w as used  to run the modified M200; Capillary column w as a  4  m x 100 |im x 
0.4 pm OV-73; Carrier g a s  w as zero  helium at a  velocity of 77  cm /sec; 
T em perature program w as se t at 40°-140° C at a  rate of 1.0° C /s with no delay; 
Sam pled  volume w as 1.5 mL; Injection time w as 200 m s.
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F ig u re  4.24: C hrom atogram  show ing separa tion  of th e  Krug mixture of 
com pounds, using the M2001 softw are p ack ag e  to run the M200; GC 
Conditions: Column w as 4  m x 100 pm x 0.4 pm OV-1701; Carrier g a s  w as 
zero  helium a t a  velocity of 56 cm /sec; T em perature Program  w as se t a t 40°- 
140° C at a  rate of 1.0° C /s with no delay; Sam pled volum e w as 1.5 mL; 
Injection time w as 200 ms.
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The baseline shift on the OV-1701 capillary column, which tak es  place 
during tem perature-program m ed runs could be  cau sed  by either column bleed 
from the m oderately polar column or unbalanced flowrate ch an g es  betw een 
the reference and  analytical colum ns in the ab sen ce  of a  uniform column 
oven.
4.3.5: Determination of Vent Time During On-line Concentration of
the Krug Sam ple Mixture with a Dual Bed Microtrap.
T he valve seq u en ce  for the  concentrating m ode includes a  vent time for 
flushing out unconcentrated sam ple from both the sam ple loop in the solid- 
s ta te  injector on the silicon wafer and  connecting sam ple lines in front of the 
microtrap. T he total volume betw een the concentrated  sam ple in the trap and 
the injection valve is approximately 15 pL. This volume includes 11pL for the 
sam ple loop and approximately 3 pL-5 pL for the connecting tubing and that 
for the d ead  sp a ce  in the packed adsorbent tube. For a  typical vent flow of 
about 48 mL per minute, at 20 psi helium head  pressure, the required vent 
time should be only a  few nanoseconds. As with the injection flow, however, 
the  very small internal diam eter connecting tubing in which the  carrier gas  
flows curtails the earliest s tag e s  of th e  vent flow so  that the required vent time 
is actually in the 500 m s range.
A vent time determ ination experim ent w as therefore conducted using a  
sam ple load volume of 5 mL, a  desorption time of 90 s  at about 250° C, and  an 
injection time of 200 ms. Figure 4.25 illustrates the  effect of vent time for all the 
com pounds in the test mixture. This figure how ever m ore clearly show s the 
effect of vent time for the m ost volatile com pounds, ethanol, isopropanol and 
dichlorom ethane w hose detector response  dom inates a s  they w ere the m ost 
concentrated  in the mixture. Their detector resp o n se  is alm ost constant from a
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vent time of about 50 m s up till the  entire 500 m s vent time range, showing 
their slow re lease  from the  dual bed microtrap. Figure 4.26 illustrates the effect 
of vent time for less volatile com pounds from hexane to undecane. This figure 
which show s the  sluggish re lease  of the less  volatile com pounds from the 
microtrap, again show s the the m ore volatile com pounds in this group, hexane 
through m-xylene to have an alm ost constant detector signal from about 50 m s 
to 500 m s. T he least volatile com pounds in the mixture, 2-ethoxyethyl ace ta te  
through d ecan e  w ere observed to be re leased  from the microtrap m ore slowly, 
with a maximum detector signal occuring at about 450 to 500 ms. Note that 
benzaldehyde w as not detected  from the sam ple mixture due to its lack of 
stability in the  vapor form. Furthermore, benzaldehyde easily ge ts  oxidized to 
benzoic acid under th e se  desorption conditions, making it alm ost im possible 
to be detected . However, it is possible to detect benzaldehyde from a  fresh 
sam ple if the concentration m ode is not used.
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F ig u re  4.25: Detector response  versus vent time for the Krug mixture.
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The phenom enon of lower vent times for m ore volatile com pounds and 
higher vent times for less volatile com pounds arises from the fundamental 
prem ise of the trap desorption mode. At elevated desorption tem peratures, the 
concentrated material is driven from the adsorbent into the vapor p h ase  and 
an equilibrium is reached. At any given tem perature, som e com pounds will 
have higher equilibrium vapor p h ase  concentrations than others. T hese 
com pounds will be quickly transferred from the microtrap to the sam ple loop, in 
the p rocess of venting. Com pounds that have low vapor p h ase  concentrations 
move only slowly out of the adsorbent.bed. At higher tem peratures more 
com pounds will have high vapor phase  concentrations. The maximum 
desorption tem perature is however, limited by the thermal stability of the 
adsorbent and the analytes. Desorbing under an inert g a s  rather than under 
the residual air in the microtrap may increase the maximum desorption 
tem perature and thus increase the range of com pounds with acceptable 
recoveries.
A procedure for the overall concentration of a  sam ple mixture may 
therefore involve accepting the fact that less volatiles require long vent times 
while volatile com pounds require short vent times. This then would imply using 
two different m ethods to concentrate a  sam ple mixture, one having a  long vent 
time for less volatile com pounds and another having a short vent time for the 
m ore volatile com pounds. Alternatively, the dependency of vent time on 
volatility can be eliminated by desorbing the dual bed microtrap in a  more 
conventional manner, using a  relatively large volume of gas to flush the 
analytes from the hot trap and refocusing them in a  cryotrap prior to injection. It 
is hoped that this would offset the decreased  concentration factors for the more 
volatile com pounds upon using larger vent times.
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4.3.6 Dual Bed Microtrap Breakthrough Volumes for the Krug 
Mixture
Before embarking on determining the concentration factors for the Krug 
sam ple mixture, the load volume, for a  particular sam ple component, required 
to breakthrough the microtrap adsorbent bed had to be determined. This 
breakthrough volume had to be determ ined for the sake of limiting the amount 
of sam ple to be loaded onto the microtraps prior to concentration. This is 
n ecessary  because  it prevents passing the sam ple to be concentrated right 
through the microtrap. Thus, an optimum volume or less, has to be loaded into 
the microtrap adsorbent, without going through it.
Breakthrough volumes for the components of the Krug sam ple mixture 
w ere determ ined by progressively increasing the volume of sam ple loaded 
into the microtrap prior to desorption and injection into the capillary column.
Thus, a  series of volumes ranging from 5 mL to 150 mL were loaded into the 
dual bed microtrap followed by desorption, injection into the capillary column 
and recording of resultant detector responses. The 100 % breakthrough 
volume for a  particular component, in this case, was taken to be the point of 
intersection between the linear and flat portions of the resulting curve of 
detector response versus sam ple volume, shown on figures 4.27 and 4.28.
Figures 4.27 and 4.28 illustrate the breakthrough volumes for the Krug 
sam ple mixture loaded onto the microtrap on module A of the gas 
chromatograph. From these  figures it is observed that ethanol had the lowest 
breakthrough volume of about 35 mL followed by isopropanol at about 40 mL , 
and dichloromethane at about 40 mL. The rest of the com pounds in the 
mixture did not clearly show signs of breaking through the dual bed microtrap 
after loading a volume of about 150 mL.
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Thus, it is certain that small sam ple volumes on the order of 40 mL can 
be loaded into the microtrap without much of it completely breaking through.
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Figure 4.27: Breakthrough volumes for the total sam ple mixture suggested  
by Krug Life Sciences.
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Figure 4.28: Breakthrough volumes for the higher molecular weight 
com pounds suggested  by Krug Life Sciences.
4.3.7 Concentration Factors
Concentration factors for the 12 com pounds suggested  by Krug Life Sciences 
w ere calculated b ased  on 50 ppmv sam ples. Typical concentration factors 
from a  dual bed microtrap loaded with 10 mL sam ple are shown on figure 
4.29. Concentration factors varied from a low of less than 2 to over 50. 
Concentration factors varied depending on the volatility of the com pounds. 
Com pounds less volatile than m-xylene w ere poorly concentrated. Using 
longer vent times of up to 500 ms improved the recovery of the less volatile 
com pounds, but concentration factors were still less than those for the more 
volatile com ponents. Particular difficulties w ere experienced with 
benzaldehyde and 2-butoxyethanol; low concentration factors were attributed 
to reactions in the microtrap for the former and to poor desorption equilibrium 
for the latter. On-trap reactions at elevated desorption tem peratures m ay also 
have caused  low concentration efficiency for methylethyl ketone (MEK). For 
this reason, the concentration factor for MEK w as much less than that for 
ethanol and toluene, two com pounds with lower vapor pressures.
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Figure 4.29 Concentration factor bar graph for the Krug mixture.
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4.3.8 D etection Limits for the Krug Sam ple Mixture
The abso lu te  detection limits for each  com pound in the  mixture, during 
concentration with a  microtrap, d ep en d s on several factors, am ong them  are:
(1) the inherent sensitivity of the micro TCD detector used  in the M200; (2) the 
desorption efficiency of the microtrap; (3) the sam ple size  (volume of dilute 
sam ple that is loaded onto the microtrap; (4) rate of desorption heating, that is, 
the  faster the  rate the lower the detection limit; (5) the volume of concentrated 
sam ple that is actually injected onto the column from the  sam ple loop; (6) the 
column diam eter of the  analytical column, since the the  sm aller the internal 
diam eter, the  sm aller the  sam ple plug allowed into the column at a  constant 
carrier h ead  pressure. Such a re  the factors that com bine to determ ine the  
ultimate sensitivity of the  instrument.
T he inherent sensitivity of the M200 h as  been  shown in our laboratory 
and elsew here to be approximately 1 ppmv with helium carrier gas. The 1 
ppmv limit is an average value. Detection limits are  higher for both early 
eluters (0-60 s) and late elu ters (>70 s) b ecau se  of large air and  w ater peaks 
that lead to higher baseline noise for the former and reduced peak heights due 
to band broadening, for the latter. T em perature program m ing capability, a s  
d iscussed  in chapter 2 , p laces m any m ore com pounds in the optimum 
detection limit retention time window, allowing their detection limits to be 
lower.
The other main feature determining the overall detection limits is the 
concentrator efficiency, described in term s of concentration factors in the 
previous section. As indicated earlier, concentration factors of 20  to 50 should 
lower detection limits to the 20 to 50 ppbv range. In fact, the sev ere  baseline 
drift observed during tem perature programming with the M200 limits this 
potential gain in sensitivity. Finally, the am ount of material actually injected on
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column from the sam ple loop is a  contributing factor. The 1 ppmv figure quoted 
above is based  on the injection onto a  4 m eter column with a  standard M200 
injection system . As m entioned above, the introduction of an additional flow 
restriction may reduce the injection volume by approximately 10%. Larger 
internal diam eter columns or shorter 0.10 mm i.d. columns, both increase the 
am ount of material injected onto the column from the sam ple loop, albeit at the 
cost of resolution. B ased on the initial detection limit of 1 ppmv, the 
introduction of an on-line microtrap generally lowers the detection limits of the 
Krug mixture of com pounds a  100 ppbv, when a  sam ple volume of at least 20 
mL x 100 ppbv is introduced into the microtrap for concentration. However, 
butanol, undecane, ethanol, 2-ethoxyethyl aceta te , benzaldehyde and 2- 
butoxyethanol w ere not detectable at the 100 ppbv level. T hese  w ere only 
detectable at about 200 ppbv level and above.
The chrom atographic data shown on figure 4.30 confirm that most of the 
analytes at the 100 ppbv level are detected. A slight modification of the 
firmware which replaces residual air with helium prior to heating, may provide 
substantial advantage for the recovery of benzaldehyde a s  well a s  other labile 
com ponents.
The peak lists on figure 4.30 are illustrative of the response  on each  of the two 
channels in the modified M200 equipped with two 4 m x 0.100 mm i.d. 
columns. Sam ple volumes w ere 40 ml (20 ml per channel). Blanks between 
each  analysis confirm the ab sen ce  of carryover problems. Table 11 show s the 
achieved limits of detection for the non labile com pounds of the Krug sam ple 
mixture. Figure 4.31 show s a typical chromatogram of the Krug mixture at the 
0.1 to 2.5 ppmv detection limit, required by Krug Life Sciences.
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Figure 4.31: Typical chrom atogram  show ing th e  co n cen tra ted  Krug mixture 
p eak s  at the  0.1-2.5 ppmv concentration level on a  0 .10  mm OV-73 capillary 
colum n.
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Table 4.11 Minimum detectable quantities for som e volatile organic 
com pounds suggested  by Krug Life Sciences on a  4 m x OV-73 column, using 
an overall large vent time of 500 ms.
Com pound Name
C on e.
(ppm v)
D en sity
(g/mL)
pL in 
25 L 
To Make 
C on e.
V apor  
P ressu re  
(mm Hg)
Ethyl alcohol 0.2 0.7893 3.0 43
Isopropanol 0.1 0.7855 1.6 33
Dichlorom ethane 0.1 1.3266 3.3 349
Methyl ethyl ketone 0.1 0.8054 1.8 78
1,1,1-Trichloroethane 0.1 1.3390 2.0 100
Butanol 0.2 0.8098 4.7 5
Toluene 0.1 0.8669 2.2 22
m-Xylene 0.1 0.8642 2.5 8
2-Ethoxyethyl aceta te 0.2 0.9702 6.9 2
2-Butoxyethanol nd 0.9515 6.7 0.8
D ecane 0.1 0.7300 4.0 1.2
B enzaldehyde nd 1.0415 5.2 0.7
u ndecane nd 0.7402 4.3 0.5
d. compound not detected  using a  ven time of 500 ms.
4.3.9 Detection Limit and Separation Com parison Between a 0.1 
mm i.d. x 0.4 pm Thick OV-73 and a 0.15 mm i.d. x 1.2 pm 
Thick OV-1 Capillary Column.
Due to peak tailing which raises the detection limit of som e com pounds 
such a s  butanol, 2-butoxyethanol, 2-ethoxyethyl ace ta te  and benzaldehyde, 
an attem pt to improve their peak sh ap es  through u se  of alternative columns 
w as m ade. The only other capillary column that w as available at the m om ent 
w as a 0.15 mm i.d. capillary column that w as coated with a  1.2 pm thick 
stationary phase. Figure 4.32 shows a com parison of the separation of a 
standard mixture betw een an OV-73 column (top) and that by an OV-1 column 
(bottom). Note here that all the com pounds that have badly tailed peaks, 
butanol, 2 -ethoxyethyl acetate , 2 -butoxyethanol, and  benzaldehyde are  eluted 
a s  sharp  peaks on the OV-1 column.
Figure 4.33 is a  comparison of the separation of the OV-73 and OV-1 
columns under similar conditions a s  before except 40 mL x 0.1 ppmv sample 
mixture (20 mL per microtrap) w as concentrated and then injected into the 
columns. Note the higher baseline noise for the OV-1 column, which ham pers 
the achievem ent of even lower detection limits. Figure 4.33 also show s that 
except for the higher noise level at the detection limit, the OV-1 column gives 
rise to higher peak areas than the OV-73 column. This could due to the slightly 
larger internal diam eter on the OV-1 column (0.15 pm) that allows a  slightly 
larger sam ple size to be injected into it.
The average peak a reas obtained for the detected com pounds of this 
mixture, at the 100 ppbv level are shown on table 4.12.
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Figure 4.32: Separation comparison between an OV-73 and an OV-1 
capillary column using a 250 ppmv standard mixture: top) 0.10 pm i.d. 0.4 pm 
thick OV-73 column: Bottom) 0.15 pm i.d. x 1.2 pm thick OV-1 column.
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Figure 4.33: Comparison concentration with a  20 mL x 0.1 ppmv sam ple per 
microtrap on: top) 0.10 pm i.d. 0.4 pm thick OV-73 column; Bottom) 0.15 pm i.d. 
x 1.2 pm thick OV-1 column.
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Table 4.12. P eak  a re a s  an d  their s tandard  deviations for a  sam ple  mixture at 
th e  100 ppbv level (n = 3).
OV-73 colum n OV-1 colum n
C om p ou n d
A v era g e  
peak area  
(m V s)
STDEV
A v e ra g e  
peak area  
(m V s)
STDEV
Ethanol nd nd
Isopropanol 1.13 0.06 1.86 0.16
D ichlorom ethane 5.54 0.17 4.28 0.30
Methylethyl ketone 1.23 0.63 5.40 3.42
1,1,1 -T richloroethane
2.63 0.03 7.32 0.77
B en zen e 1.87 0.25 15.95 2.64
T o luene 4.28 0.82 2.60 0.47
m -Xylene 3.49 0.36 0.73 0.47
Ethyl b en zen e 3.52 0.76 1.33 0.40
Butanol nd 2.25 0.03
N o n an e 14.73 1.74 3.18 0.22
D ecan e 1.55 0.36 3.58 0.33
2-Ethoxyethyl ace ta te
nd nd _ _
2-B utoxyethanol nd nd
B en za ld eh y d e nd 0.96 0.57
n.d. com pound not detec ted
4.4  SUMMARY AND CONCLUSIONS
T he final instrument, including the  s tan d ard  M200 housing, w eighs 
about 5.7 kilograms and m easu res  15.2 cm x 30.5 cm x 45 .7  cm.
As regards pow er requirem ents, the instrum ent requires a  well 
regulated  12-15 volt dc pow er supply with a  rating of a t least 3 am ps capacity 
w hen used  in both the  concentrating and  tem perature-program m ing m odes. 
This is a s  a  result of the power requirem ents for both GC m odules that can be  
a s  much a s  40 w atts. However, power requirem ents can  be  reduced  by the 
u se  of only o n e  GC module, although this would result in a  pow er reduction of 
le ss  than 50% .
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Addition of dual bed m icrotraps in a microchip GC enabled  the 
detection of m ost of the Krug volatile organic com pounds at the 100 ppbv 
concentration level, using an overall large vent time of about 500 m s with the 
aid of tem perature programming. This then implies that a  ventim e for a  
particular com pound is used  instead of the  overall large ventime, the  detection 
limit of the instrum ent can be lowered to below the  100 ppbv level.
With proper manipulation of the  GC conditions, the system  w as capable 
of resolving all the com ponents of the Krug test mixture on a  single column.
The sim ultaneous use  of two capillary colum ns in one single microchip GC 
greatly facilitates the resolution and quantitation of som e com ponents notably, 
2-ethoxyethyl ace ta te  and  2 -butoxyethanol which can co-elute under certain 
conditions, on the OV-73 column; 2-ethoxyethyl ace ta te  and nonane which 
can co-elute on the  OV-1 column and isopropanol and  dichlorom ethane which 
can co-elute on the OV-1701 column. Detection of m ost of the com pounds in 
our test m ixtures w as dem onstrated at the 100 ppbv level, using an overall 
large vent time of 500 ms. The system  detected  benzaldehyde at the 100 ppbv 
level only with the use  of the 0.15 mm i.d. OV-1 capillary column with difficulty. 
The potential rem ains for substantial im provement in both detection limits and 
resolution of the  system . Further modifications m ay include one or m ore of the 
following:
1. U se of different adsorbent com binations allowing for faste r desorption.
2. Pre-flushing the trap and sam ple loop with inert carrier g as  before 
therm al desorption to rem ove oxygen and other possible oxidants.
3. Reduction of desorption time by increasing the  efficiency of hea t transfer 
to the adsorbent.
4. Refocusing the trapped material by cryotrapping prior to injection.
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APPENDIX
PRACTICAL CONSIDERATIONS AND HINTS
1 9 3
This appendix is designed to help the operator of the concentrating 
microchip gas chromatograph with som e practical hints. It is a  supplem ent to 
C hapter Four, with regard to successfully operating the instrument, especially 
when using the M2001 software package dealing with the microtrap method 
param eters.
A.4.1: Micro G as Analyzer System  Hardware Modification for Trap 
Temperature Control.
Since software a s  well a s  hardware modification were required to 
perform trap tem perature control, a  piggy-back board was designed to 
accomplish the following tasks:
1. Trap tem perature control.
2. Accommodate changed control signal assignm ent on latch #3 (see 
schem atic diagram on figure 4.5 in chapter 4).
In order to mount the piggyback board onto the microchip gas
chromatograph electronics board, it was necessary  to remove integrated 
circuits U30, U33, and solder two integrated circuit sockets to the board. The 
piggyback board was then plugged into the two integrated circuit sockets.
The trap tem perature control circuitry will activate the trap A and trap B 
heaters when the control signals P1.4 and P1.5 are low, and deactivate them 
when the control signals are high. The upper setpoint tem perature of each trap
can be adjusted independently by m eans of a  15 turn potentiometer. When the
trap reaches a  preset "hot" tem perature, a  red LED com es on, and when it 
reaches a preset "coo!" tem perature, a  green LED com es on so  a s  to indicate 
that the trap is cool enough and ready for another sample. The "hot" and "cool"
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tem peratu res  can b e  ad justed  by two independent 15 turn potentiom eters, 
respectively.
A.4.2: P iggy-back Board Theory of Operation.
Since the control circuitry for trap s  A and B w ere identical, only the 
theory for trap A is described  (Refer to the  schem atic  diagram  on figure 4.5 in 
C hapter 4).
The trap tem peratu re  is se n se d  by the  ch an g e  in resis tan ce  of the  
se n so r  wire. R esistors R3, R5, R6 , R28 and  the sen so r wire form a  bridge.
W hen the bridge is unbalanced, the error signal g en era ted  is amplified by the 
operational amplifier U4A and  applied to the  regulating pulse width m odulator 
U3. T he duty cycle of the pulse is proportional to the  error signal. T he output of 
U3 is applied to the pow er driver U6 , which applies pow er to th e  h ea te r  wire. 
W hen the trap tem peratu re  reach es  the setpoint tem perature, the  output of the 
error amplifier is reduced, thereby reducing the  pow er to the trap. T he control 
signals P 1 .4 and P 1 .5 (on /  off) from the  p rocessor a re  connected  to the  
shutdow n pin of U3 and  U5 pulse width m odulators via th e  level translato r U7. 
W hen the control signal is low, the  pu lse  width m odulator is en ab led  and  the  
h ea te r is turned on. W hen the control signal is high, the pow er width m odulator 
is disabled and  the h ea ter is turned off. T he trap  setpoint tem peratu re  can  be 
independently ad justed  by potentiom eters R28 (trap A) and  R25 (trap B), 
respectively.
The voltage drop ac ro ss  th e  se n so r  wire is com pared  with two p rese t 
voltages V1 and Vh by voltage com parators U8A and U8B. A green  LED (D1) 
is turned on when th e  voltage a c ro ss  th e  sen so r wire is le ss  than V1 indicating 
that the  trap is cool enough for sam ple loading. W hen th e  voltage ac ro ss  the  
se n so r  wire is larger than Vh, a  red LED (D2) is turned on to indicate that the
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trap is hot enough to  desorb . The p rese t voltages V1 and Vh can  be  ad justed
by potentiom eters R26 and R27 for trap A and  trap B, respectively.
A.4.3: LED A djustm ent Procedure
(Refer to the top assem bly  diagram  on figure 4.4 in C hapter 4)
1. W hen both trap s  are  a t room tem perature  adjust the potentiom eter R26 
until the  two g reen  LEDs a re  turned on.
2. H eat both traps to the desorption tem perature. Then adjust the 
potentiom eter R27 until the  two red LEDs a re  turned on.
Note: If the  sen so r wire resis tan ces  are  not closely m atched, th e  LEDs for 
trap s  A and B do not com e on at the sam e  time.
A.4.4: P iggy-b ack  Board Installation.
(Refer to the  top assem bly  diagram  on figure 4.4 in C hapter 4).
1. R em ove in tegrated circuits U30 and  U33 from the M200 m otherboard.
2. Solder two wire wrap sockets  to th e  M200 m otherboard.
3. Plug the  piggyback board into the two sockets.
4. R em ove wire #2 (black wire) from six-pin crimp terminal housing going
into J2  of the  M200 board.
5. R em ove wire #2 (black wire) from six-pin crimp terminal housing going 
into J 8 of th e  M200 board.
6 . Insert the two black wires rem oved from s te p s  4 and 5 above, into a  new 
two-pin crimp terminal housing.
7. C onnect J3  of the piggyback board to the  two-pin crimp terminal 
housing .
8 . C onnect J4  of the  piggyback board to trap  A h eater and  sen so r 
assem bly .
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9. Connect J5  of the piggyback board to trap B heater and senso r 
assem bly.
10. Connect J2  of the piggyback board to to J 8 of the M200 board.
11. Connect J1 of the piggyback board to the six-pin crimp terminal housing 
previously going into J 8 of the M200 board.
Table A.4.1 below show s a  main list of the parts that w ere used  to construct the 
piggy-back electronics board and w ere obtained from Newark Electronics, 
Chicago, Illinois, USA.
Table A.4.1: Piggy-back board parts list.
R1 Resistor 220 Q 0.25 W 5%
R2 Resistor 220 Q 0.25 W 5%
R3 Resistor 2.43 kQ 0.25 W 1%
R4 Resistor 2.43 kQ 0.25 W 1%
R5 Resistor 2.43 kQ 0.25 W 1%
R6 Resistor 470 Q 0.25 W 5%
R7 Resistor 1 k Q 0.25 W 5%
R8 Resistor 200 kQ 0.25 W 5%
R9 Resistor 1 kQ 0.25 W 5%
R10 Resistor 220 Q 0.25 W 5%
R11 Resistor 2.43 kQ 0.25 W 1%
R12 Resistor 470 0 0.25 W 5%
R13 Resistor 1 kQ 0.25 W 5%
R14 Resistor 220 kQ 0.25 W 5%
R15 Resistor 1 kQ 0.25 W 5%
R16 Resistor 6.2 kQ 0.25 W 5%
R17 Resistor 56 kQ 0.25 W 5%
R18 Resistor 56 kQ 0.25 W 5%
R19 Resistor 6.2 kQ 0.25 W 5%
R20 Resistor 220 Q 0.25 W 5%
R21 Resistor 15 kQ 0.25 W 5%
R22 Resistor 15 kQ 0.25 W 5%
R23 Resistor 15 kQ 0.25 W 5%
R24 Resistor 15 kQ 0.25 W 5%
R25 Resistor 200 Q 15 Turn pot
R26 Resistor 5 kQ 15 Turn pot
R27 Resistor 5 kQ 15 Turn pot
R28 Resistor 200 Q 15 Turn pot
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C1 Capacitor 0.1 pF 50 V Ceram ic
C2 Capacitor 0.001 pF 50 V Ceram ic
C3 Capacitor 0.1 pF 50 V Ceram ic
C4 Capacitor 0.001 pF 50 V Ceram ic
C5 Capacitor 0.1 pF 50 V Ceram ic
C 6 Capacitor 0.1 pF 50 V Ceram ic
C7 Capacitor 4.7 pF 16 V Tantalum
C 8 Capacitor 4.7 pF 16 V Tantalum
C9 Capacitor 0.1 pF 50 V Ceram ic
C10 Capacitor 0.1 pF 50 V Ceram ic
C11 C apacitor 0.1 pF 50 V Ceram ic
C12 Capacitor 0.1 pF 50 V Ceram ic
U1 IC MC14504B
U2 IC 74HCT574N
U3 IC LM3524N
U4 IC LM358N
U5 IC LM3524N
U6 IC UDN2540B
U9 IC LM339N
A.4.5: Software Description
The M2001 version 2.3 dx software package (4.10) is the version of M2001 
which fully supports the modified M200 firmware. Aside from som e minor bug 
fixes, the  only change from the M2001 version 2.2 (4.9) is in the appearance 
and  contents of method windows which now provide ac c e ss  to the new 
param eters that control the new firmware's tem perature-program m ing and 
preconcentration features.
M2001 u ses  method windows to display and edit m ethods. Several 
changes have been m ade to the method windows, method files and sam ple 
files to support additional method param eters. There a re  now considered to be 
two types of m ethods, standard and extended. A method is an extended 
method if it contains valid instances of all m ethod param eters, including those 
specific to tem perature programming and preconcentration. A m ethod is a 
standard method if it contains neither valid tem perature programming nor valid
preconcentration param eters . Either type of m ethod m ay be  s to red  in a  m ethod 
file, a s  part of a  sam ple  (for record pu rposes) or transm itted  to an M200 using 
APROG, version 25 .0  or g reater. If, how ever, a  m ethod h a s  com e from an 
M200 with a  version of APROG less  than 25.0, it will b e  disp layed a s  a  
s tandard  m ethod. Also, if the  M200 currently connected  to th e  com puter 
running M2001 h a s  APROG with a  version num ber le ss  than  25.0, all m ethods, 
ex tended  or not, will be  displayed a s  s tan d a rd  m ethods. Extended m ethods 
a re  d isplayed in windows like th e  o n e  show n on figure 4 .6  in ch ap te r 4. 
S tandard  m ethods a re  d isplayed similarly, but the rows containing th e  
unavailable d a ta  will be  blank a s  in figure A.4.1.
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Module Choice fl 6 B flu to run o f f
Sample Time 5 s e c » o f  f lu to runs 1
E x t e r n a l  Wait o f f Run I n t e r v a l 0 min
CHP O f f s e t 240
Column R Column B
Runtime 10 s e c Runtime 10 s e c
D e t e c t o r  F i l a m e n t on D e t e c t o r  F i l a m e n t on
D e t e c t o r  R u toz e ro on D e t e c t o r  R u toz e ro on
D e t e c t o r  S e n s i t i v i t y hi gh D e t e c t o r  S e n s i t i v i t y h i g h
I n j e c t  Time 50 ms I n j e c t  Time 100 ms
Column Tem pera tu re 50 °C Column Tem pera tu re 50 °C
CHP S c a l e  Code 49 CHP S c a l e  Code 39
Temp O f f s e t  Code 8 Temp O f f s e t  Code 3
Temp S c a l e  Code 4 Temp S c a l e  Code 20
Column Type O the r Column Type O th e r
czHelp ] IlSet MiKKill
Figure A.4.1: New M2001 method window for a standard injection.
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In both cases, the top 4 rows contain param eters that pertain to an 
M200 a s  a  single unit. The rest of the window contains two columns of 
param eters that pertain to specific columns. The standard  m ethod param eters 
are  described in detail in the M2001 version 2.2 user manual. The nine lines of 
the extended method starting with Initial Tem perature, about half way down 
from the top of the window, contain the extended m ethod param eters. Both 
standard and extended m ethods are  maintained in battery-backed static RAM 
when the M200 is "off".
A .4.6: In je c tio n  S e q u e n c in g
With the microtrap installed in the M200, there are two possible kinds of 
injection seq u en ces  for each  column. A standard injection seq u en ce  is nearly 
identical to the injection sequence  implemented in APROG version 11.4, which 
is used  when preconcentration is disabled; and a concentration injection 
seq u en ce  which is used when preconcentration is enabled. Both are  
represented  on figure 4.5 in chapter 4 a s  timing diagram s with the major 
common even ts synchronized.
A .4.7: S ta n d a rd  In jec tio n  S e q u e n c e  S o ftw are  S p e c if ic a tio n s  (R efer 
to m ethod Windows on figures A.4.1 and 4.7 in C hapter 4)
For a  standard injection sequence, the concentrator On/Off is se t to "off" by 
clicking upon it. Although all the injection seq u en ce  param eters a re  still 
displayed, only the sam ple time and inject time, will be used. The injection 
seq u en ce  is the sam e a s  used by an off-the-shelf M200 micro gas  analyzer 
except that the delay time betw een the start of sam ple loop pressurization and 
injection has been changed from 120 ms to 480 ms. A standard  injection 
seq u en ce  therefore consists of the following 6 steps:
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1) Standby m ode
The M200 p ro cesses  com m ands until it receives a  “Start" com m and. Upon 
receipt of a  "Start" command, transition to the "Sampling" sta te  is m ade within 
5 ms. Initially, the switching valve is to the vacuum pump, the sam ple and 
inject valves a re  closed, and the trap heater is off.
2) Sampling (0 to 255 s)
The sam ple valve opens, and the sam ple pump runs for a  num ber of seconds 
specified by the sam ple time (0 to 255 s).
3) Sw itch Delay
The sam ple pump stops, the sam ple valve closes and the M200 waits 20 ms 
for everything to settle.
4) Inject Delay
The switching valve opens to begin pressurizing the sam ple loop and  the 
M200 waits 480 m s for the loop to pressurize.
5) Injection (0 to 255 m s)
The inject valve opens for the num ber of m s specified by Inject Time to 
introduce a  plug of the vapor in the sam ple loop into the column. The M200 
en ters its "run" sta te  and begins acquiring data points at the beginning of this 
step  for Module A.
6) P ost Injection
A 5 m s wait after the inject valve closes before the switching valve closes, 
ending sam ple loop pressurization.
During a  standard injection sequence, the trap remains on-line, but it is not 
heated .
2 0 3
A.4.8: Concentration Injection Sequence Software Specifications
(Refer to method Windows on figures A.4.1 (in appendix) and figure 4.7 in 
chapter 4)
If the Concentration On/Off is “on", a  concentration sequence will be used. 
Therefore in addition to sam ple time and inject time; desorb time, vent time, 
bake Out time and cool down times are relevant.
The 12 concentration injection steps are  described a s  follows:
1) Standby m ode
The M200 processes com m ands until it receives a "start" command. Upon 
receipt of a  "Start" command, transition to the "sampling" state is m ade within 
5 ms. Initially, the switching valve is to the vacuum pump, the sam ple and 
inject valves are closed, and the trap heaters are  off.
2) Sampling (0 to 1275 s)
The sam ple valves open and the sam ple pump runs for the num ber of seconds 
specified by the sample time.
3) Desorb Delay
The sam ple pump stops and the M200 waits 20 ms.
4) Desorb (0 to 255 s)
The sam ple valves close and power is applied to the trap heater. The M200 
waits for a  number of seconds specified by desorb time for the sam ple 
constituents to desorb off the trap adsorbent.
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5) Switch Delay
After an additional 20 ms wait, the switching valve is opened to begin 
pressurizing the trap and sample loop.
6) Vent Delay
A 480 ms wait for the sam ple loop and trap to pressurize.
7) Vent (0 to 1275 ms)
The sam ple valve opens for a  number of m s specified by the vent time to flush 
the dead volume of the sam ple loop and charge it with the fully concentrated 
vapors from the microtrap.
8) Inject Delay
A 500 m s wait.
9) Injection (0 to 255 ms)
The inject valve opens for the number of ms specified by the inject time to 
introduce a plug of concentrated vapor in the sam ple loop into the column. The 
M200 enters its "run" state and begins acquiring data points at the beginning 
of this step for module A.
10) Post Injection
A 5 m s wait after the inject valve closes.
11) Bake Out (0 to 255 s)
The sam ple valve is opened to allow carrier gas to flow through the hot trap 
and out the vent valve to flush away the sam ple remaining in the microtrap for 
a  num ber of seconds specified by bake out time.
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12) Cool Down (0 to 255 s)
Power is removed from the trap heater, allowing the trap to cool down to 
ambient tem perature. The M200 waits for a  num ber of seconds specified by 
cool down time and then closes the switching valve, thus ending the trap 
flushing.
The last four param eters on the method window are used for calibration 
purposes and are described a s  follows:
Column Temperature Offset Code
The column tem perature offset is one of the calibration data used to calculate 
the column tem perature from the analog to digital converter reading. The value 
of this param eter must be as  given on the module label or column 
tem peratures will be incorrect.
Column Temperature Scale Code
The column tem perature scale code is another of the calibration data used to 
calculate the column tem perature from the analog to digital converter reading. 
The value of this param eter must be as given on the module label or column 
tem peratures will be incorrect.
Column Type
The column type is either "HAYSEP" or "Other". It is used by M2001 to 
determ ine the upper limit of column tem peratures. HAYSEP columns are 
limited to a maximum tem perature of 160° C w hereas others are limited to 
180° C. This param eter should correspond to the type of column actually 
installed.
Column Head Pressure Scale Code
The column head pressure scale code is used to compute column head 
pressures. It should be as  specified on the "can" or column head  pressures will 
be incorrect.
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